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Abstract 
Projection of ecosystem functions and biogeochemical cycling of elements under future climate 
change requires a quantitative understanding of both ecosystem processes and site-specific 
climate change scenarios. Biogeochemical and ecological studies over the last decades have 
provided the intellectual basis for these projections, especially at the small watershed scale. 
Recent developments in biophysical sciences and computationally based meteorology coupled 
with advanced downscaling techniques have made it possible to project future climate change 
scenarios at the small watershed scale. Using a biogeochemical model, PnET-BGC, which has 
been extensively applied to the forest ecosystems in the northeastern United States, the 
interactive effects of multiple environmental factors on ecosystem function and element 
dynamics can be investigated.  
In this dissertation, I applied PnET-BGC to three ecosystems, including one in Oregon (The H. J. 
Andrews Experimental Forest) and two in Colorado (Niwot Ridge and Loch Vale Watershed) to 
evaluate the effects of climate change at the intensively studied watersheds with distinct climate 
and vegetation type. Results from these three sites were compared and contrasted with 
projections conducted in the northeastern U.S. using PnET-BGC to identify which sites are 
vulnerable to future climate change and what factors contribute to this vulnerability. Future 
climate considered in this study was developed from two radiative forcing scenarios under the 
Intergovernmental Panel on Climate Change (IPCC) Representative Concentration Pathways 
(RCPs). The site specific climate inputs are statistically downscaled from outputs of four general 
circulation models (GCMs) to drive PnET-BGC. To more accurately depict different types of 
ecosystems in this study, updated parameters and improved algorithms were incorporated into 
PnET-BGC, taking advantage of findings from recent studies. This study expands the type of 
ecosystem from which PnET-BGC is applied. It also provides a basis for future studies on these 
ecosystems to examine the interactive effects of climate change with other disturbances, such as 
changes in atmospheric deposition or land disturbance. In this research, I tested the hypotheses 
that 1) climate change at high elevation watersheds in the western U.S. will result in 
physiological stress on vegetation that is adapted to its native climate, and alter future dynamics 
of water, carbon, and nitrogen in these ecosystems; 2) other aspects of global change such as 
elevated atmospheric CO2 concentrations and an extended growing season will alleviate the 
impacts of physiological stress on ecosystem function and element dynamics; and 3) ecosystem 
responses to climate change will vary among the three sites in the western U.S. and are distinct 
from patterns in the northeastern U.S. due to the differences in vegetation type and site specific 
current and future climate conditions. This work improved understanding of the effects of 
climate change on element dynamics and the function of different types of ecosystems. It 
complements existing literature on response of ecosystem structure and function to future climate 
change scenarios. 
I conducted my research in this dissertation in four phases. In phase one, I applied the model at 
Watershed 2 in H. J. Andrews Experimental Forest, an old-growth Douglas-fir forest located in 
the western Cascade Range of Oregon. The model algorithm on calculation of vapor pressure 
deficit was improved for the Pacific Northwest. Parameters on plant functional traits and soil 
characteristics were also updated using local observations. Simulation outputs were validated 
against local observations. Seasonal and long-term projections show large increases in stomatal 
conductance throughout the year from 1986-2010 to 2076-2100 and increases in leaf carbon 
assimilation between October and June over the same period, but future dynamics of water and 
carbon under the RCP scenarios are largely affected by a reduction in foliar biomass resulting 
from severe air temperature and humidity stress to the forest in summer. Projected future 
decreases in foliar biomass in the old-growth Douglas-fir forest results in 1) decreases in 
transpiration and increases in summer and fall soil moisture; 2) decreases in photosynthesis, 
plant biomass, and soil organic matter under the high radiative forcing scenario; and 3) altered 
foliar and soil stoichiometry of carbon to nitrogen.  
In phase two, I developed the first alpine tundra version of PnET-BGC and applied the model at 
the Saddle of Niwot Ridge in Colorado. Projections indicate that in the future this watershed will 
become more energy-limited on an annual basis, and the seasonal distribution of the water 
supply will become decoupled from energy inputs due to advanced snowmelt, causing soil 
moisture stress to plants during the growing season. The model simulations suggest that future 
shortened snow-covered periods may cause decreases in winter soil decomposition by 9% to 
16% due to limitations in subnivean microbial activity; while the associated extended growing 
season is projected to result in only slight decreases in carbon sequestration of 8% under the high 
radiative forcing scenario, despite a 33% reduction in leaf production due to the soil moisture 
stress. The analyses demonstrate that future nitrogen uptake by alpine plants is regulated by 
nitrogen supply from mineralization, but plant nitrogen demand may also affect plant uptake 
under the aggressive RCP8.5 scenario. In addition, PnET-BGC simulations suggest that potential 
CO2 fertilization effects on alpine plants are projected to cause larger increases in concentrations 
of non-structural carbohydrates and lipids than leaf and root production. 
In phase three, PnET-BGC model was applied at Loch Vale watershed, a subalpine forest near 
Niwot Ridge in the southern Rocky Mountains of Colorado. Necessary improvements of the 
model were made on processes that are important in subalpine forests but negligible in other 
ecosystems such as soil evaporation. The analyses using the Budyko curve suggest that future 
evapotranspiration may become more water-limited in the subalpine forest. From 1986-2010 to 
2076-2100, evapotranspiration increases at the start and end of the growing season. Recurring 
plant soil moisture stress is projected between July and September which reduces foliar biomass 
by 5% to 16%. However, the annual rate of photosynthesis and wood biomass are projected to 
increase by up to 29% and 76%, respectively, due to the increasing temperature under the 
RCP8.5 scenario. Unexpectedly, an extended growing season had little contribution to the 
dynamics of water and carbon. Fertilization by elevated atmospheric CO2 concentrations is 
projected to result in 16% to 27% higher rates of annual photosynthesis under RCP4.5 and 
RCP8.5 scenarios, respectively, and increasing carbon accumulation in wood biomass. 
In the fourth phase, I conducted a cross-site analysis of the three western sites in Oregon and 
Colorado with Hubbard Brook Experimental Forest in New Hampshire which was simulated in a 
previous study. Various ecosystem responses from the four sites under the RCP scenarios were 
attributed to the differences in vegetation type and site specific current and future climate 
conditions. Projections in the western and northeastern U.S. suggest water-use efficiency and soil 
water holding capacity may largely determine the type of physiological stress that plants 
experience in the future, while foliar retention time and wood turnover rate may largely affect the 
storage and decomposition of soil organic matter in forest ecosystems. Although foliar nitrogen 
contents have large variation among the four sites, their future changes were not projected to be 
large in any sites, therefore having little impact on carbon or water dynamics of the watersheds. 
Projections also suggest future increases in temperature may impact ecosystem and 
biogeochemical processes to a smaller extent during the winters of alpine tundra ecosystems than 
other seasons and sites in which the temperature is above or close to freezing. An extended 
growing season was projected in all sites under the RCP scenarios, but showed distinct impacts 
on ecosystem functions at different sites. Potential CO2 fertilization effects on carbon dynamics 
were mainly manifested in enhanced wood growth from forest ecosystems but result in large 
increases in non-structural carbohydrates in the alpine tundra ecosystem. 
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1. Introduction 
The Fifth Assessment Report (AR5) by the Intergovernmental Panel on Climate Change (IPCC) 
indicated that observed and projected climate change in North America exhibits distinct regional 
patterns (Romero-Lankao et al., 2014). Dalton et al. (2013) projected 1.1°C to 4.7°C increases in 
annual mean temperature and -4.7% to +13.5% changes in annual precipitation from 1950-1999 
to 2041-2070 in the Pacific Northwest under the Representative Concentration Pathway (RCP) 
scenarios. Lukas et al. (2014) examined projections by several general circulation models 
(GCMs) and concluded that annual mean temperature in Colorado from 1971-2000 to 2055-2084 
is projected to increase by 1.4°C to 3.6°C and 3.1°C to 5.3°C under RCP 4.5 and 8.5 scenarios, 
respectively. Lukas et al. (2014) also projected that annual precipitation in Colorado from 1971-
2000 to 2035-2064 was to change by -5% to +6% and -3% to +8% under RCP 4.5 and 8.5 
scenarios, respectively. Projected future climate in the Pacific Northwest is representative of 
regions with warm-summer Mediterranean climate such as Southern Europe (Kjellström et al., 
2011) and southwestern Australia (Irving et al., 2012), while elevation-enhanced warming 
projected in the Rocky Mountains is typical of other high-elevation regions including the 
European Alps (Gobiet et al., 2013) and the Tibetan Plateau (Liu et al., 2009). Responses of 
ecosystem function to future climate change are of particular interests in the Pacific Northwest 
and the Rocky Mountains because of their large quantity of carbon storage and proximity to the 
alpine treeline. Previous studies on the effects of climate change on the dynamics of water, 
carbon, and nitrogen using historical observations, warming experiments, and gradient studies 
have found high vulnerability to changing climate for the Douglas-fir/western hemlock forest in 
the Pacific Northwest and alpine tundra/subalpine forest ecosystems in the Rocky Mountains 
(Arft et al., 1999; Griffiths et al., 2009; Hu et al., 2010a; Lin et al., 1999; Olszyk et al., 1998). To 
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quantitatively evaluate the interactive effects of multiple climatic and environmental drivers on 
the function of ecosystems, process based models at the small watershed scale are considered to 
be an effective tool. PnET-BGC has the advantage of simplicity in its structure among many 
widely used models, while being able to accurately depict major pools and fluxes in an 
ecosystem. These characteristics allow for application to different types of biomes for cross-site 
analyses. Previous work on ecosystem responses to climate change using PnET-BGC focused on 
several watersheds in the Appalachian Mountains (Pourmokhtarian et al., 2017). This 
dissertation extends the analysis of ecosystem response to projected climate change using PnET-
BGC to the longitudinal and altitudinal limits of the contiguous United States. The response of 
whole ecosystems to global change was assessed using statistically downscaled future climate 
scenarios. 
Observations and projections suggest widespread heat and drought stress to plants in the western 
United States in response to historical and future climate change, respectively (Romero-Lankao 
et al., 2014). Previous studies using mesocosm experiments, gradient studies, and long-term 
observations have revealed important patterns of individual ecosystem processes in response to 
changing climate. However, much of the literature on ecosystem response to future climate 
change in the Pacific Northwest and the Rocky Mountains has focused on the effects of 
warming-induced disturbance regimes, such as wildfires and insect outbreaks, and on the 
response of ecosystem structure and water resources (Anderegg et al., 2015; Hicke et al., 2013; 
Rogers et al., 2011). Studies have examined the physiological responses to effects of low soil 
moisture and high air temperature on primary production of Douglas-fir forest ecosystems in the 
Pacific Northwest as well as subalpine fir forest and alpine tundra ecosystems in the Rocky 
Mountains (Beedlow et al., 2013; Berner and Law, 2015; Blanken et al., 2009; Fisk et al., 1998; 
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Griesbauer and Green, 2010; Kang et al., 2014; Kueppers and Harte, 2005; Lewis et al., 1999; 
Littell et al., 2010; Littell et al., 2008; Monson et al., 2002; Olszyk et al., 1998; Spittlehouse, 
2003; Way and Oren, 2010). Studies over the past decades involving Free-air CO2 enrichment 
(FACE) experiments have improved understanding of ecosystem responses to elevated 
atmospheric CO2 concentrations. FACE experiments have investigated 1) plant responses to 
individual factors such as elevated CO2 concentration, warming, or altered precipitation, and 
their interactions; 2) effects of carbon assimilation on other ecosystem processes such as 
allocation and soil respiration; and 3) comparison of observations with model simulations to 
improve algorithms. Although cross-biome analyses are still lacking, an increasing number of 
ecosystem models have incorporated the CO2 fertilization effects confirmed in FACE 
experiments by which elevated CO2 concentrations alter a host of ecosystem processes, such as 
photosynthetic rate and water use efficiency. Previous studies in the Pacific Northwest 
demonstrated that climate change may affect the dynamics of soil organic matter directly by 
altering the soil temperature and moisture regimes (Griffiths et al., 2009; Hart and Perry, 2006; 
Jassal et al., 2008; Lin et al., 1999; Phillips et al., 2011; Sierra et al., 2011), and indirectly 
through its effects on aboveground and belowground litter input (Campbell et al., 2004b; 
Peterson and Lajtha, 2013; Sulzman et al., 2005). Similar patterns were observed in alpine tundra 
and subalpine forest ecosystems in the Rocky Mountains (Seastedt et al., 2001; Xiong et al., 
2011). Subnivean observations suggest that the depth and duration of snow pack might play 
important roles in the dynamics of soil carbon and nitrogen (Liptzin et al., 2009; Monson et al., 
2006). 
Dynamics of nitrogen show distinct patterns in the Douglas-fir forests in the Pacific Northwest 
from the alpine tundra and subalpine fir forests in the Rocky Mountains due to the differences in 
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climatic conditions, plant species and atmospheric N deposition. Total bulk N deposition to 
Andrews Forest in Oregon is relatively low (1.6 to 2.0 kg N ha-1 yr-1) (Vanderbilt et al., 2003), 
while the vegetation has large potential for N storage (Harmon, 2013). Niwot Ridge in Colorado 
has much higher N deposition (7.5 to 8.0 kg N ha-1 yr-1) (Sievering et al., 1996), but limited 
capacity of N uptake by the tundra vegetation except at the start of the growing season (Monson 
et al., 2001). Loch Vale Watershed is characterized by a higher rate of atmospheric N deposition 
comparable with adjacent Niwot Ridge, but low capacity of N storage compared with Douglas-
fir ecosystem at Andrews Forest (Arthur, 1990). Although there has been interest in 
understanding current N cycling at Andrews Forest (Prescott et al., 2000; Vanderbilt et al., 
2003), its response to future climate change is less well studied. Snowpack plays an important 
role in the N mineralization at Niwot Ridge and Loch Vale by affecting the subnivean microbial 
activity and growing season-soil moisture (Fisk et al., 2001), which have substantial impacts on 
plant uptake of N. Therefore, future increases in temperature and altered seasonal precipitation in 
the Rocky Mountains are expected to have a large influence on the depth and duration of 
snowpack, and alter future N cycling at Niwot Ridge and Loch Vale. 
Climate change in the Pacific Northwest and the Rocky Mountains are expected to affect the 
future inputs, processing and availability of water. Changes in winter precipitation may have 
substantial impact on the stream discharge in the Pacific Northwest due to its large quantity and 
the limited evapotranspiration (Dalton et al., 2013). In high elevation areas where snowpack 
persists throughout the winter, future decreases in the snow to rain ratio resulting from increasing 
winter temperature may increase the winter stream discharge and affect the quantity and timing 
of spring snowmelt (Dalton et al., 2017). Summer drought is expected to increase in the Pacific 
Northwest as a result of the changing climate (Dalton et al., 2013). Previous studies in the Rocky 
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Mountains have shown that future response of water cycling to climate change is affected by 
multiple factors. Future snow depth is projected to decrease, and the timing of snowmelt is 
projected to shift earlier due to the increasing temperature (Lukas et al., 2014). Advanced spring 
snowmelt and decreases in the snow to rain ratio of precipitation is expected to contribute to 
drought in the early growing season and alter runoff patterns in the subalpine forest as changes in 
precipitation in spring and summer may not be adequate to compensate the loss in soil moisture 
(Hu et al., 2010a). In this dissertation, I applied the model PnET-BGC to three small watersheds 
in the Pacific Northwest and the Rocky Mountains of the U.S. to test the hypotheses that 1) 
climate change at high elevation watersheds in the western U.S. will result in physiological stress 
on vegetation that is adapted to its historical climate, and alter future dynamics of water, carbon, 
and nitrogen in these ecosystems; 2) other aspects of global change such as elevated atmospheric 
CO2 concentrations and an extended growing season will alleviate the impacts of physiological 
stress on ecosystem functions and element dynamics; and 3) ecosystem responses to climate 
change will vary among the three sites in the western U.S. and are distinct from patterns in the 
northeastern U.S. due to the differences in vegetation type and site specific future climate. 
In phase one of the dissertation, PnET-BGC was applied using observations from the intensively 
studied H. J. Andrews Experimental Forest as model inputs. Simulation outputs were validated 
against long-term measurements of biogeochemical pools and fluxes with survey data. It was 
necessary to modify the model algorithm to simulate the functions of old-growth Douglas-fir 
forest. Normalized mean error (NME) and normalized mean absolute error (NMAE) were used 
to evaluate performance of the model. Projections were made with and without potential CO2 
fertilization effects using future climate under RCP4.5 and RCP8.5 scenarios generated from 
four GCMs. I examined projected seasonal and long-term patterns of water, carbon, and nitrogen 
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dynamics at Watershed 2 at Andrews, and evaluated the roles of plant functional traits and 
climatic and environmental factors on the biogeochemical response of the watershed to future 
climate change. 
In phase two, I developed an alpine tundra version of PnET-BGC which included carbon and 
nitrogen in stems, necromass, non-structural carbohydrates/lipids, and storage organs such as 
tubers and rhizomes. Wind redistribution of snow and the dependence of winter soil 
decomposition during snow cover period due to subnivean microbial activities, two processes 
that are often not important in mountain forests but are substantial and well-studied in the alpine 
tundra ecosystems, were incorporated in this version of PnET-BGC. The model was applied at 
the Saddle of Niwot Ridge a site with high spatial heterogeneity of snowpack and high 
dissimilarity of species composition among plots. Simulations were validated against areal 
weighted aboveground NPP, snow water contents, and soil moisture. Projections were made 
under the above mentioned future scenarios but downscaled using local historical meteorological 
observations. Model outputs were analyzed using the Budyko curve to examine future 
partitioning of precipitation into evapotranspiration and runoff. Dynamics of carbon and nitrogen 
were also examined to explore the role of alpine tundra vegetation and future climatic and 
environmental factors on the biogeochemical processes. Seasonal soil decomposition and plant 
uptake of nitrogen in the alpine tundra ecosystem were emphasized in this chapter of the 
dissertation. 
In phase three, PnET-BGC was applied at Loch Vale watershed, a subalpine forest near Niwot 
Ridge, to examine the response of treeline species to future climate change scenarios. Similar to 
the simulations for the other two sites, necessary improvements were made on model algorithms 
to accurately represent the processes unique to the subalpine forest ecosystem. I added to the 
7 
 
model a top soil layer to depict soil evaporation, as this process is often negligible compared 
with transpiration in eastern mountain forests but much more significant in subalpine forests due 
to low tree density and solar ground heating. Model simulations were validated against long-term 
observations of snow water content at nearby forests, recent continuous measurements of soil 
moisture, and historical and recent surveys on carbon storage and fluxes. Projections of future 
seasonal and long-term hydrological patterns were examined using a mass balance approach and 
the Budyko curve. Carbon pools and fluxes in the ecosystem were also studied under the RCP 
scenarios. 
In phase four, I compared biogeochemical responses to future climate change in the ecosystems 
studied in this dissertation with simulations made for the Hubbard Brook Experimental Forest, a 
northern hardwood forest in NH, which was assessed by a previous study under the same 
scenarios. The Budyko curve was used and time series of anomaly of element storage and fluxes 
were compared to conduct the cross-site analysis. The impacts of different types of physiological 
stress on ecosystem functions of the four sites were compared, and the roles of various plant 
functional traits on biogeochemical processes at the study sites were explored. 
2. Literature review 
2.1 Observed and projected climate change 
In the Fifth Assessment Report by IPCC, Working Group I summarized up-to-date knowledge on 
observations of historical climate change in the atmosphere and land surface (Hartmann et al., 
2013), ocean (Rhein et al., 2013), and cryosphere (Vaughan et al., 2013), and projections of 
future climate change under the RCP scenarios in the near-term (Kirtman et al., 2013) and long-
term (Collins et al., 2013). The detection and attribution of climate change was also reviewed at 
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regional and global scales (Bindoff et al., 2013) with an evaluation of climate models (Flato et 
al., 2013). In the Pacific Northwest and the Rocky Mountains of the United States, studies on 
past and future climate at the regional scale have recently been reviewed (Dalton et al., 2017; 
Dalton et al., 2013; Lukas et al., 2014; Peterson et al., 2014). These regions studied in this 
dissertation can be categorized into a host of climate types as defined by the Köppen climate 
classification system (Köppen et al., 2011). Similar trends in historical and future climate as the 
Pacific Northwest are projected for other regions of the world with Mediterranean climate, 
including Southern Europe (Haylock et al., 2008; Kjellström et al., 2011; Kovats et al., 2014), 
central Chile (Magrin et al., 2014; Nuñez et al., 2009; Quintana and Aceituno, 2012; Vicuña et 
al., 2011), and southwestern Australia (Hope et al., 2010; Irving et al., 2012; Reisinger et al., 
2014). Enhanced warming with elevation which is observed and projected in the Rocky 
Mountains (Diaz and Eischeid, 2007; Rangwala and Miller, 2010) is also found in Swiss Alps 
(Beniston and Rebetez, 1996; Ceppi et al., 2012), and Tibetan Plateau (Liu et al., 2009; Qin et 
al., 2009). 
Statistical downscaling and dynamical downscaling are widely used approaches to generate site-
specific future climate scenarios from GCMs outputs. Advantages and shortcomings of these 
approaches have been summarized for various climatic factors at different regions of the world 
(Gutmann et al., 2012; Haylock et al., 2006; Schmidli et al., 2007). Downscaling approaches for 
multiple applications have also been reviewed (Boé et al., 2007; Fowler et al., 2007; Knutson et 
al., 2013; Wood et al., 2004). Although dynamical downscaling embeds the mechanistic 
understanding of local climate processes and has higher accuracy in model outputs, statistical 
downscaling has the advantage of simplicity which makes it an ideal approach to generate future 
local climate scenarios for cross-site analyses. 
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2.2 Impact of climate change on dynamics of water, carbon, and nitrogen in the Pacific 
Northwest and the Rocky Mountains of the United States 
Working Group II of IPCC assessed the vulnerability and consequences of climate change on 
ecosystems by sector and region, including terrestrial ecosystems (Settele et al., 2014) and North 
America (Romero-Lankao et al., 2014) in AR5. Reviews have been conducted on regional 
impacts of climate change on the forest and tundra ecosystems in the Pacific Northwest and the 
Rocky Mountains (Dalton et al., 2017; Dalton et al., 2013; Lukas et al., 2014; Peterson et al., 
2014). Research on ecosystem responses to climate change has largely focused on effects of 
wildfire in the Pacific Northwest (Littell et al., 2010; Rogers et al., 2011; Sheehan et al., 2015; 
Turner et al., 2015; van Mantgem et al., 2009) and changes in community structure of alpine 
tundra in the Rocky Mountains (Farrer et al., 2015; Spasojevic et al., 2013; Suding et al., 2015). 
Previous studies on changes in subalpine ecosystem under future climate have largely focused on 
the effects via disturbance such as insect outbreaks (Anderegg et al., 2015; Bentz et al., 2010; 
Bright et al., 2013; Ghimire et al., 2015; Hicke et al., 2012; Hicke et al., 2013; Meddens et al., 
2012) and range shifts of tree species at the upper and lower altitudinal limits of subalpine forests 
in the Rocky Mountains (Conlisk et al., 2017; Conlisk et al., 2018; Kueppers et al., 2017). 
Improvements in model algorithms and validation of model outputs at the study sites for this 
dissertation were achieved by conducting literature reviews and summarizing studies on 
biogeochemical dynamics and ecosystem functions at the undisturbed watersheds under 
occasional physiological stress. 
2.2.1 Fundamental studies at research sites 
The H. J. Andrews Experimental Forest has relatively comprehensive records of historical 
observations on meteorology and forest productivity due to the importance of lumber industry 
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and early establishment of the research site. The first studies at the H. J. Andrews Forest date 
back to the early 1950s (Johnson and Hixon, 1952; Ruth and Silen, 1950; Wustenberg, 1954). An 
increasing number of investigations have accumulated since then on forest ecology, hydrology, 
and biogeochemistry. Accurate measurements of pools and fluxes of elements in the ecosystem 
emerged in the 1970s (Abee and Lavender, 1972; Grier and Logan, 1977; Hawk and Dyrness, 
1972; Waring and Franklin, 1979; Webb et al., 1978). These early quantitative studies on forest 
biogeochemistry usually focused on single elements and processes. An extensive study on 
multiple elements and processes was conducted in the early 1980s (Sollins et al., 1980). Long-
term measurements of biogeochemical processes became increasingly available in the 1980s. 
The National Atmospheric Deposition Program (NADP) initiated monitoring at the H. J. 
Andrews Experimental Forest in May 1980 (NADP, 2016). Tree productivity data calculated 
from tree ring records were available since 1981 at 67 plots and 2 reference stands in Watershed 
2 (Shaw and Franklin, 2017). Continuous measurements of litterfall were also made in several 
reference stands in the early 1980s (Harmon and McKee, 2002). These observations coupled 
with the earlier records on stream discharge and stream water chemistry provided with an 
opportunity to validate my model outputs (Johnson and Fredriksen, 2015; Johnson and 
Rothacher, 2016). Research in the 1990s at the H. J. Andrews Experimental Forest is 
characterized by studies over a large area and intensive examination of detailed ecosystem 
processes. Attempts to accurately measure soil organic matter over the region were discussed 
(Homann et al., 1995; Homann et al., 1998), and extensive soil surveys on elements storage and 
fluxes were conducted in the H. J. Andrews Experimental Forest (Griffiths, 2002, 2013a, b). 
Remote sensing was also applied to monitor the forest (Lefsky et al., 1999; Lefsky et al., 2001; 
Wallin et al., 1997). Studies on detailed ecosystem processes such as effects of mycorrhizal mats 
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(Griffiths et al., 1994; Griffiths et al., 1996) and decomposition of roots (Chen et al., 2001; Chen 
et al., 2000; Chen et al., 2002) were conducted. Hydrological responses to forest disturbance 
events were studied in the H. J. Andrews Experimental Forest which raised several rounds of 
intense debates (Jones and Grant, 1996, 2001; Thomas and Megahan, 1998, 2001). 
Ecosystem studies in the 20th century on the structure and function of the alpine tundra at Niwot 
Ridge were reviewed by Bowman and Seastedt (2001). Early observations on climate started in 
the 1950s when a group of monitoring stations were set up by Marr (1961). Research expanded 
to the geomorphology of Niwot Ridge and the adjacent watershed of Green Lakes Valley in the 
following decades (Benedict, 1970; Caine, 1974, 1986; Outcalt and MacPhail, 1965). The 
importance of the alpine region for water resources of Colorado have long been recognized 
(Martinelli, 1975). Seasonal and diurnal hydrological patterns were studied in the Green Lakes 
Valley of Niwot Ridge. These intensively studied processes include wind redistribution of snow 
(Cline, 1993; Walker et al., 1993), snowmelt (Furbish, 1988), and stream discharge (Caine, 
1995a). In addition to the water quantity, studies on biogeochemistry were also well established 
at the Green Lakes Valley of Niwot Ridge. Research over the last two decades of the twentieth 
century focused on hydrochemical responses to atmospheric deposition (Caine, 1995b; Williams 
et al., 1996a), weathering processes (Caine and Thurman, 1990), and storage and release of 
solutes from the seasonal snowpack (Lewis and Grant, 1980; Williams et al., 1996b).  
Ecosystem studies at the Saddle of Niwot Ridge were conducted using a habitat-based 
classification system of vegetation first applied by May and Webber (1982). This classification 
system described six physiognomic-habitat-based units (fellfield, dry meadow, moist meadow, 
late-melting snowbank, wet meadow, and shrub tundra) that were identified from their positions 
within a polar ordination diagram. Other classification methods had also been used in the region 
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to categorize vegetation (Komárková, 1979; Komárková, 1980; Willard, 1979). However, the 
May-Webber approach has been more widely applied by ecologists at Niwot Ridge, and became 
the standard for differentiating plant community in other studies. The physical forces that 
dominate the spatial patterns of vegetation include wind (Bell and Bliss, 1979; Billings and 
Mooney, 1968), snow (Billings, 1988; Burns and Tonkin, 1982; Walker et al., 1993), and 
topography (Fisk et al., 1998). Studies on these environmental factors (Billings, 1973) and 
associated driving forces of community composition, such as length of growing season (Billings 
and Bliss, 1959; Holway and Ward, 1965; Walker et al., 1995), temperature (Bell, 1974; Billings 
and Bliss, 1959; LeDrew, 1975), and soil moisture (Caine and Thurman, 1990; Isard, 1986) have 
been documented at Niwot Ridge. By the time the Bowman and Seastedt (2001) review was 
written, theories on community ecology had been well established (Bertness and Callaway, 1994; 
Grace, 1991; Grime, 1977; Tilman, 1987), but studies at Niwot Ridge (Theodose and Bowman, 
1997) and other alpine (Wilson, 1993) or arctic tundra (McGraw and Chapin, 1989) sites on 
interspecific and intraspecific competition or facilitation were limited, although there was little 
doubt of the importance of these processes to the community structure of Niwot Ridge 
(Theodose et al., 1996). The effects of herbivores on plant community structure of the alpine 
tundra ecosystem has been extensively studied (Cortinas and Seastedt, 1996; Halfpenny and 
Southwick, 1982; Litaor et al., 1996). The relation of gopher activity with snowpack (Burns, 
1979; Thorn, 1978, 1982) and the effects on plant species composition directly through reducing 
competitive exclusion (Andersen, 1987; Huntly and Inouye, 1987; Inouye et al., 1987; Tilman, 
1983) and indirectly by altering soil nutrient availability (Bowman et al., 1995; Cortinas and 
Seastedt, 1996; Litaor et al., 1996) were among the well-studied topics. 
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Since May and Webber first applied a habitat-based classification system of vegetation to study 
the ecosystem at the Saddle of Niwot Ridge, research on primary production had focused on the 
spatial patterns, which included variation in aboveground and belowground production among 
and within communities (Bowman et al., 1995; Bowman et al., 1993; Fisk et al., 1998; May and 
Webber, 1982; Walker et al., 1994). Environmental factors that control the primary production 
were also well-studied at the Saddle of Niwot Ridge, but were more focused on water (Greenland 
et al., 1984; Jackson and Bliss, 1984; Taylor and Seastedt, 1994) and nutrients (Bowman et al., 
1995; Bowman et al., 1993; Fisk and Schmidt, 1995) than light and temperature. The latter were 
thoroughly examined in the Alps and reviewed by Körner (1999a). 
Decomposition processes were also studied at Niwot Ridge along a snow and soil moisture 
gradient. Previous research has focused on both litter decay and decomposition of labile 
compounds in soil organic matter, including effects of temperature, moisture, and substrate 
quality. The role of soil invertebrates and microorganisms on soil decomposition were also 
examined. Early work on the importance of humus in water and nutrients storage were conducted 
by Burns (1980) and Bowman et al. (1993). Litter decay studies included a variety of plant 
species and communities at Niwot Ridge (Bryant et al., 1998; Cortinas and Seastedt, 1996; 
O'Lear and Seastedt, 1994). Temperature and moisture control biotic activity and affect 
decomposition rates of alpine tundra as other ecosystems. The relation of soil decomposition was 
studied in relation with snowpack duration at Niwot Ridge (Bryant, 1996; O'Lear and Seastedt, 
1994). Niwot Ridge was among the 28 sites in the Long-term Intersite Decomposition 
Experiment Team (LIDET) study. Research suggested litter decay rates at Niwot Ridge are faster 
than average LIDET litter (Dearing, 1997). Microbial and invertebrate activity were also found 
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to be important because they continue at air temperatures below 0°C (Addington and Seastedt, 
1999; Brooks et al., 1996).  
Studies of nitrogen cycling at Niwot Ridge were conducted on nitrogen pools, plant uptake and 
turnover, and mineralization for the snow-free and snow-covered seasons (Fisk et al., 2001). 
Although it had long been considered that the patterns of nitrogen distribution in soil and 
biomass at Niwot Ridge are similar to those of tundra ecosystems in the Alps, comprehensive 
studies on nitrogen cycling were rather limited before Fisk’s work (Fisk, 1995; Fisk and 
Schmidt, 1995; Fisk et al., 1998). The nitrogen content in aboveground and belowground 
biomass and soil organic matter were quantified for different communities (Bowman, 1994; Fisk, 
1995; Fisk et al., 1998). The microbial nitrogen pool was also quantified at Niwot Ridge in 
relation to the snow depth gradient (Brooks et al., 1998; Fisk and Schmidt, 1995; Fisk et al., 
1998; Jaeger et al., 1999). These studies also found increases in plant nitrogen contents over soil 
moisture gradients. The importance of nitrogen storage in soil organic matter and microbial 
biomass during winter was demonstrated (Brooks et al., 1997; Brooks et al., 1998; Lipson et al., 
1999c).   
Additional research on plant nutrient relations at the Saddle of Niwot Ridge included nutrients 
acquisition and allocation, nutrient limitations and nutrient-use efficiency, internal controls over 
plant growth, plant fungal association, and uptake of organic versus inorganic nitrogen (Monson 
et al., 2001). Pioneering studies on nutrient allocation to belowground biomass were conducted 
in the early 1940s (Holch et al., 1941). Webber and May (1977) also suggested the importance of 
allocation to belowground biomass for nutrient storage. Studies at Niwot Ridge found high 
nutrient resorption efficiency of 40% to 75% for nitrogen and 50% for phosphorus with distinct 
patterns among functional groups (forbs and graminoids) and communities (wet meadow and dry 
15 
 
meadow) (Bowman, 1994; Bowman et al., 1995). Storage limits quick growth response to 
stochastic pulses of soil nutrients (Bowman and Conant, 1994; Lipson et al., 1996). Hypotheses 
related to the evolution of storage were tested at Niwot Ridge (Jaeger and Monson, 1992). 
Lipson et al. (1999a; 1999b) studied root uptake of organic nitrogen and soil organic nitrogen 
availability in relation to mycorrhizal fungi. 
The Loch Vale watershed study has been a cooperative effort between the U.S. Geological 
Survey, National Park Service, and Colorado State University. Previous observations and 
experimental studies have provided the foundation for simulations with PnET-BGC on the site. 
Decades of biogeochemical, hydrological, and ecological researches at Loch Vale watershed 
were reviewed (Baron, 1992). In the review, the hydrologic budget of the watershed was 
estimated using computer models (Water Resources Evaluation of Non-point Silvicultural 
Sources model developed from WATBAL model) (Bernier, 1986; Charter and Swanson, 1989; 
Troendle and Leaf, 1980) and a conservative chemical tracer (chloride) (Cleaves et al., 1970; 
Likens et al., 1977). Hydrological processes discussed in the review included rain, direct and 
indirect snow, wind redistribution of snow, stream discharge, evapotranspiration, groundwater 
seepage, lake storage, snow and ice storage, and shallow and deep ground water storage. This 
comprehensive summary for the entire Loch Vale watershed facilitated simulations at the 
subalpine forest in this dissertation. 
Although projections of nutrient dynamics in the subalpine forest of Loch Vale watershed is not 
emphasized in this dissertation, past research on atmospheric deposition, especially nitrogen, 
help understand the limitations of the application of PnET-BGC in simulating the headwater 
watershed. The composition and magnitude of wet and dry deposition were studied at Loch Vale, 
and the sources of emissions and precipitation chemistry were examined in the region. In 
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contrast to eastern research sites, NADP sites in the Rocky Mountains did not show significantly 
higher concentrations of SO4
2- than NO3
- in wet deposition. Base cations concentrations were 
also higher in precipitation in the southern Rocky Mountains than the eastern sites. Historical 
trends in deposition from the mid-1800s were reconstructed using paleolimnological techniques 
(Baron et al., 1986). 
The vegetation and biogeochemistry of carbon and nitrogen in the subalpine forest of Loch Vale 
watershed were studied by Arthur in her dissertation and papers (Arthur, 1990; Arthur and 
Fahey, 1990). These comprehensive studies quantified major pools and fluxes of carbon and 
nitrogen, and provided important observational data to validate simulations of model outputs. 
Effects of forest disturbance were also examined in Loch Vale watershed (Johnson, 1987; Peet, 
1981). Weathering processes at Loch Vale watershed were studied by Walthall (1985) and Mast 
(1989). Chemical and physical properties of soil in the watershed were examined, including soil 
acidity, cation exchange capacity, aluminum, sulfur, and organic matter content. Soil solution 
chemistry and dynamics of soil water from snowmelt to stream discharge were described 
(Arthur, 1990; Mast, 1989). 
There are long-term records of surface waters of Loch Vale watershed. Water quality of lakes 
and streams were recorded at multiple locations. These lakes include Sky Pond, Glass Lake, and 
The Loch, and the streams monitoring are located on Icy Brook, Andrews Creek, and Loch 
Outlet. Physical properties of the lakes including thermal stratification, light penetration, and 
hydrological retention time have been studied. Seasonal patterns of stream water chemistry were 
examined at Loch Vale watershed and compared with other western lakes. 
Ecosystem studies at Loch Vale watershed continue to be highly productive. Research questions 
have focused on atmospheric deposition of nitrogen (Baron, 2006; Baron et al., 2011; Baron et 
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al., 2000b; Bowman et al., 2008; Fenn et al., 2003; Mast et al., 2014; Nydick et al., 2003; Rueth 
et al., 2003) and other elements (Kester et al., 2003), as well as nitrogen saturation (Baron and 
Campbell, 1997; Baron et al., 1994; Campbell et al., 2000; Williams et al., 1996a) of the 
watershed and the region. Carbon dynamics of vegetation, soil, and surface water have been 
examined in the subalpine forest (Boot et al., 2016; Crawford et al., 2015; Mast et al., 1998; 
Wickland et al., 2001). Simulations of hydrological and biogeochemical processes were 
conducted using multiple models using the observations as inputs (Hartman et al., 2014; 
Hartman et al., 1999; Hartman et al., 2007; Meixner et al., 2000). 
2.2.2 Impact of climate change on dynamics of water, carbon, and nitrogen at research sites 
Experimental studies on ecosystem responses to future climate change at watershed scale largely 
have relied on historical observations, manipulation, and gradient studies. At the H. J. Andrews 
Experimental Forest, climate change studies started in the late 1980s and early 1990s using a 
combination of historical observations and modeling methods (Dale and Franklin, 1989; Hansen 
et al., 1990; King and Tingey, 1992; Perry et al., 1990; Perry et al., 1991). The number of 
ecosystem studies on biogeochemical responses to climate change at the H. J. Andrews 
Experimental Forest increased in the twenty-first century, especially the 2010s. These studies 
used relatively high accuracy measurements and models depicting detailed ecosystem processes 
to improve quantitative understanding of future hydrologic and biogeochemical responses to 
climate change (Burt et al., 2015; Chen et al., 2008; Griffiths et al., 2009; Hart and Perry, 1999, 
2006; Hartman et al., 2014; Perkins and Jones, 2008; Rastetter et al., 2005; Tague et al., 2008). 
Studies on ecosystem response to climate change at Niwot Ridge have focused on community 
structure and plant species composition (Farrer et al., 2015; Formica et al., 2014; Spasojevic et 
al., 2013; Suding et al., 2015). Some research has examined the phenological response to 
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warming (Smith et al., 2012), but few studies have been conducted on ecosystem function. 
Manipulation experiments were conducted at Niwot Ridge to evaluate impacts of changing snow 
fraction on soil organic and inorganic nitrogen (Freppaz et al., 2012). Historical observations 
were used to examine the changes in timing of snowmelt and streamflow (Clow, 2010). A large 
number of meta-analyses on tundra responses to warming have included observations from 
Niwot Ridge (Arft et al., 1999; Elmendorf et al., 2012a; Elmendorf et al., 2012b; Walker et al., 
2006; Wolkovich et al., 2012). Modeling has also been applied to assess impacts of climate 
change on the alpine tundra ecosystem (Johnson et al., 2011; Marshall et al., 2008; Wieder et al., 
2017). 
Biogeochemical responses of Loch Vale watershed to climate change have been intensively 
studied over the past decades. Early studies on ecosystem responses to climate change and 
elevated atmospheric CO2 concentrations were conducted by sensitivity analyses (Baron et al., 
2000a; Hauer et al., 1997). Responses of nitrate in stream water to climate change were 
examined (Baron et al., 2009). As continuation of the studies on nitrogen deposition, effects of 
climate change and nitrogen deposition were distinguished (Heath and Baron, 2014), and their 
interactive effects on aquatic ecosystems was studied (Baron et al., 2013). The importance of soil 
water holding capacity in ecosystem response to climate change was compared and contrasted 
with other western sites including the H. J. Andrews Experimental Forest (Garcia and Tague, 
2015). Modeling was also successfully used to assess the biogeochemical response of Loch Vale 
watershed to climate change (Baron et al., 1994; Hartman et al., 2014; Hartman et al., 1999; 
Hartman et al., 2007). 
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3. Methods 
3.1 Site description 
In this dissertation, I investigated the responses of ecosystems in the western U.S. to projected 
climate change, including the H. J. Andrews Experimental Forest in the Pacific Northwest, and 
Niwot Ridge and Loch Vale Watershed in the southern Rocky Mountains (Figure 3.1).  
The H. J. Andrew Experimental Forest (HJA) is a National Science Foundation Long-Term 
Ecological Research (LTER) site located in the western Cascade Range of Oregon. It covers the 
entire 6400 ha watershed of Lookout Creek. HJA has mountainous terrain with elevation ranging 
from 410 to 1630 m (Berntsen and Rothacher, 1959). The Mediterranean climate is characterized 
by wet, mild winters and dry, cool summers and is representative of the maritime Pacific 
Northwest (Bierlmaier and McKee, 1989). I utilized one of the reference watersheds at HJA, 
Watershed 2, because of the availability of long-term ecological records which provided detailed 
data for model inputs, calibration, and validation. Watershed 2 is north-facing with elevation 
ranging from 545 to 1079 m (Valentine and Lienkaemper, 2005). As a result of the orographic 
pattern in temperature and precipitation, snowpack primarily occurs at the highest elevation of 
the watershed from November to March. Dominant overstory tree species at Watershed 2 include 
Douglas-fir (Pseudotsuga menziesii) and western hemlock (Tsuga heterophylla), and understory 
vegetation species include rhododendron (Rhododendron macrophyllum), vine maple (Acer 
circinatum), and sword-fern (Polystichum munitum) (Hawk and Dyrness, 1972). Meteorological 
and stream discharge records at Watershed 2 date back to the 1950s, and observations of stream 
water chemistry started in the early 1980s. Continuous measurements of atmospheric deposition 
by the National Atmospheric Deposition Program (NADP) at OR10 site was initiated at HJA in 
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1980. Comprehensive surveys of vegetation dynamics and soil properties have been conducted at 
Watershed 2. 
The Niwot Ridge (NWT), also an LTER site, is located in the Front Range of the Colorado 
Rocky Mountains. The area includes an 8-km, east-west oriented ridge and several nested 
watersheds that comprise the Green Lakes Valley (Bowman and Seastedt, 2001). It is bounded 
on the west by the Continental Divide, and the elevation ranges from 4000 m at Arikaree Peak to 
3250 m at the subalpine forest locations. The region in which NWT is located has humid 
continental climate characterized by the cool summers.  
I conducted model simulations of Saddle, a 0.89 km2 flat ridge-top alpine tundra site located at 
3500 m above the sea level, which is the most intensive study site for ecology and 
biogeochemistry at Niwot Ridge. Plant species at the Saddle are spatially heterogeneous, and 
genera include Carex, Caltha, Deschampsia, Acomastylis, Kobresia, Selaginella, Trifolium, and 
Salix. Community structure at Niwot Ridge can be largely explained by the snow gradient which 
is a function of wind and topography (Walker et al., 2001). Meteorology and atmospheric 
deposition records at Saddle started in 1981 and 1985, respectively. Aboveground net primary 
production (NPP) and snow depth data are available at Saddle since the early 1980s. 
The Loch Vale Watershed (LVW) is an ecological study site 30 km to the north of NWT. It is 
operated by U.S. Geological Survey, National Park Services, and Colorado State University. The 
watershed area is 660 ha, and the elevation ranges from 3100 m at Loch Outlet to 4000 m at 
Taylor Peak. The watershed consists of 83% bare rock and snow/ice, 11% tundra, 5% forest, and 
1% subalpine meadow (Baron, 1992). Annual mean temperature and precipitation for 1986-2010 
was 1.8°C and 104 cm, respectively. Monthly mean temperature is above 0°C from April to 
October, and the warmest months are June to August with the mean temperature at around 12°C. 
21 
 
Precipitation at the Loch Vale watershed has large interannual variation, with the lowest and 
highest values for 1986-2010 being 71 cm (2002) and 143 cm (1995). Monthly precipitation at 
the watershed is not evenly distributed throughout the year, about 20 cm precipitation falls 
during the summer (Heath and Baron, 2014). This dissertation focused on the subalpine forest 
area of Loch Vale which is dominated by Engelmann spruce (Picea englemannii) and sub-alpine 
fir (Abies lasiocarpa). Estimated stand age of the subalpine forest is between 400 and 500 yr 
(Arthur, 1990). Tree density for stems greater than 10 cm diameter is 290 and 610 stems per 
hectare for Engelmann spruce and subalpine fir, respectively (Arthur and Fahey, 1990). 
Atmospheric deposition records by NADP at LVW (CO98 site) started in 1983. A 
comprehensive study of the vegetation was conducted in the early 1990s (Arthur, 1990). More 
recent research on the subalpine forest have been conducted at both LVW and a nearby site, 
Soddie, in the NWT. 
Characteristics of the study locations are summarized in Table 3.1. 
3.2 Model structure 
Developed from its predecessors PnET (Aber, 1992), PnET-II (Aber et al., 1995), PnET-Day 
(Aber et al., 1996), and PnET-CN (Aber et al., 1997), PnET-BGC, includes a biogeochemical 
sub model that allows for the simultaneous simulation of pools and fluxes of 10 major elements 
(Gbondo-Tugbawa et al., 2001) (Figure 3.2). The model has an optional algorithm to consider 
potential CO2 fertilization effects on vegetation (Ollinger et al., 2009). PnET-BGC uses time-
series inputs of solar radiation, temperature, precipitation, atmospheric CO2 concentration, 
atmospheric deposition, and land disturbance in a monthly time step to simulate the hydrologic 
and biogeochemical function of vegetation which affect the dynamics of soil properties and 
surface waters. For atmospheric deposition, the model uses monthly wet deposition and constant 
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dry to wet deposition ratios of 10 elements as inputs. Plant functional traits in PnET-BGC are 
parameterized as fixed, vegetation type-specific values. Relative concentrations of 10 elements 
to nitrogen in soil organic matter (SOM) and vegetation are considered as fixed parameters in the 
model. Other biotic and abiotic processes represented by the model include canopy attenuation of 
light and canopy interaction with atmospheric deposition, root uptake of water and nutrients, 
nitrogen mineralization and nitrification, mineral weathering, snowpack accumulation and loss, 
routing of water along hydrologic flowpaths, chemical reactions in soil water and soil surfaces, 
and surface water processes. 
PnET-BGC calculates photosynthetic rates per unit of leaf area based on foliar nitrogen 
concentration and environmental stress to plants by air temperature, humidity, and soil moisture. 
The degree of stress by air temperature and humidity are quantified by indices ranging from 0 to 
1 (see below for definition of plant soil moisture stress index). The optimal value of 1 occurs 
when air temperature is optimal for photosynthesis and vapor pressure deficit is 0 kpa (Aber, 
1992; Aber et al., 1996),  
𝐷𝑇𝑒𝑚𝑝 =
(𝑃𝑠𝑛𝑇𝑚𝑎𝑥 − 𝑇𝑑𝑎𝑦) ∗ (𝑇𝑑𝑎𝑦 − 𝑃𝑠𝑛𝑇𝑚𝑖𝑛)
(𝑃𝑠𝑛𝑇𝑚𝑎𝑥 − 𝑃𝑠𝑛𝑇𝑚𝑖𝑛)2
  
𝐷𝑉𝑃𝐷 = 1 − 𝐷𝑉𝑃𝐷1 ∗ 𝑉𝑃𝐷𝐷𝑉𝑃𝐷2 
where DTemp and DVPD are the indices for air temperature stress and air humidity stress; 
PsnTmax and PsnTmin are maximum and minimum temperature for photosynthesis; Tday is daily 
temperature; VPD is vapor pressure deficit; DVPD1 and DVPD2 are fixed coefficients. The 
model considers light attenuation by the canopy, and simulates foliar display based on 
environmental conditions of the current month and the carbon balance of the previous year 
(Aber, 1992). To accurately simulate phenological controls on foliage development and assure a 
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leaf acquires enough carbon in excess of respiration over its lifetime to repay the cost of 
producing that leaf, foliar production for a year is constrained by factors such as the foliar carbon 
balance of the previous year (Aber, 1992). A low carbon balance of a year due to environmental 
stress results in decreases in foliar production in that year follows.  
Wood production is calculated in the model by drawing a fraction of carbon from an internal 
reserve pool (PlantC) (Aber et al., 1995), which simulates transport of carbon from phloem to 
xylem. The internal reserve carbon pool (PlantC) receives inputs of carbon from photosynthesis 
and outputs occur through different forms of respiration and allocation. Wood growth respiration 
is controlled by wood production. Wood maintenance respiration is directly proportional to gross 
photosynthesis (Ryan, 1991). Wood decomposition respiration is affected by the accumulation of 
wood litter which is related to wood biomass and wood production. Root growth and 
maintenance respiration are both directly proportional to allocation of carbon to root biomass 
which is a linear function of foliar production in the model (Aber et al., 1995). NEP is calculated 
in PnET-BGC as the difference between total photosynthesis and the sum of all respiration terms 
including growth and maintenance respiration of foliage, wood, and root, as well as wood 
decomposition respiration and soil microbial respiration. 
Transpiration is simulated based on foliar display and stomatal conductance, but is limited by 
available soil moisture. When the soil has adequate moisture for transpiration, stomatal 
conductance is calculated from leaf carbon assimilation and water use efficiency (WUE) which 
is inversely proportional to vapor pressure deficit (VPD). Potential CO2 fertilization effects on 
vegetation are simulated in PnET-BGC by establishing a relation between plant internal CO2 
concentration and photosynthetic rate per unit leaf area using the Michaelis–Menten equation. 
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Elevated CO2 concentration also increases WUE, and may potentially alleviate soil moisture 
stress for plants and further affect foliar display (Ollinger et al., 2009).   
In PnET-BGC, the rate of SOM decomposition decreases linearly with decreasing substrate 
content and soil moisture, and increases exponentially with temperature. Mineralization of 
elements from SOM including carbon, nitrogen, and other nutrient elements are calculated based 
on soil temperature, soil moisture, and SOM substrate quantity. Net mineralization of nitrogen is 
also a function of soil N content; lower soil N content results in a higher fraction of N 
immobilization. To characterize the degree of N limitation of microbial production and the 
competition between microbial and plant demand for N, PnET-BGC simulates a fraction of 
mineralized N to be immobilized, with the difference between gross N mineralization and 
immobilization defined as net N mineralization. The model assumes complete immobilization 
below 1.5% N in soil organic matter and no immobilization above 4.3% N in soil organic matter 
(Aber et al., 1997). A 50% resorption of N from leaves occurs before senescence. Plant uptake of 
nitrogen from soil solution is calculated by multiplying available N in soil solution by the ratio of 
plant internal N (PlantN) to the maximum storage in plant tissues (Aber et al., 1997). The 
concept of PlantN is similar to PlantC, and PlantN depicts nitrogen storage in plant tissues such 
as thick roots and bark. Computationally, uptake of NH4
+ and NO3
- increase as plant N decreases 
or NH4
+ and NO3
- in soil solution increases. 
Two parameters are used to quantify the effect of drought on photosynthesis and soil 
decomposition, respectively. Plant soil moisture stress index (DWater), which is defined as the 
ratio between actual and potential transpiration, depicts the degree of soil moisture stress on 
plants. DWater approaches 0 when plants are under extreme soil moisture stress and equals 1 
when there is an absence of soil moisture stress. The soil moisture index is defined as the ratio 
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between soil water content and water holding capacity of the soil, and it influences the rate of 
soil decomposition. 
3.3 Model improvements 
The extension of PnET-BGC application from forests in the Appalachian Mountains to western 
ecosystems in this dissertation necessitated modification of several key processes in the model. 
Vapor pressure deficit (VPD) affects physiological stress to plants directly as depicted by DVPD 
and indirectly by influencing water use efficiency which may be associated with soil moisture 
stress. Previous studies using PnET-BGC assumed saturated air humidity in early morning, and 
calculated VPD based on the difference between daily maximum and minimum temperature 
(Murray, 1967). This assumption is not necessarily valid in the Pacific Northwest, especially 
during the dry summer. In addition, the downscaling of future climate change scenarios 
(discussed below) generate daily maximum and minimum temperature independently without 
consideration of their historical relationship (Stoner et al., 2013), which caused an inconsistency 
between calculated and observed VPD at the HJA. In this dissertation, I modified the algorithms 
in the model to allow the calculation of VPD from the relative humidity (RH). Taking advantage 
of recent findings that project future relative humidity to change little in the Pacific Northwest 
(Collins et al., 2013), historical observed RH was applied in future projections. 
PnET-BGC was originally developed for, and has been largely applied in forest ecosystems 
(Pourmokhtarian et al., 2017). Although several physiological processes were modified to 
simulate grasslands in a recent application of PnET-CN (Thorn et al., 2015), the decoupling of 
leaf and root production and the omission of multiple key components of plants in the algorithm 
might compromise accurate simulations. To depict alpine tundra ecosystems, I removed wood 
pools and fluxes from the model including wood carbon/nitrogen allocation, wood 
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respiration/turnover, and live/dead wood carbon/nitrogen storage. In addition, I added stem 
carbon/nitrogen pools and necromass carbon/nitrogen pools which receive inputs after leaf and 
stem senescence and transfers monthly to soil organic matter pools by a prescribed percentage. A 
new set of carbon/nitrogen pools associated with nonstructural carbohydrates/lipids were 
considered in the model. Subnivean microbial activities were represented by including the 
relation of soil decomposition with snowpack duration. Wind redistribution of snow was 
calculated in the model as a fixed fraction of snowfall in the current month.  
In previous applications of PnET-BGC in the Northeast, canopy interception was simulated as a 
fixed percentages of current-month rainfall, but soil evaporation from undisturbed forests was 
usually negligible, therefore not considered in the model. In this dissertation, I improved the 
model algorithm for Loch Vale watershed by adding a top soil layer for the subalpine forests to 
simulate soil evaporation (Sellers et al., 1996) caused by solar ground warming due to the low 
tree density. 
3.4 Climate change scenarios and downscaling 
In this dissertation, IPCC climate change scenarios derived from RCP4.5 and RCP8.5 were used 
for 1) their representation of a realistic range of future climate change conditions; 2) the greater 
quantity of corresponding literature during the initial development of the RCPs (van Vuuren et 
al., 2011); and 3) their similarity in radiative forcing to the A2 and B1 scenarios from the Special 
Report on Emission Scenarios (SRES) assessed in the fourth assessment report (AR4) by the 
IPCC (Collins et al., 2013). Climate change scenarios generated by four general circulation 
models, CCSM4 (Gent et al., 2011), HadGEM2-CC (Collins et al., 2011), MIROC5 (Watanabe 
et al., 2010), and MRI-CGCM3 (Yukimoto et al., 2012), from CMIP5 (Taylor et al., 2012) were 
used in this study. Use of multiple GCMs encompasses the ability of different models to 
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accurately project different climate outputs (e.g., maximum temperature, minimum temperature, 
precipitation, solar radiation). The criteria for climate model selection was introduced by two 
colleagues, Katharine Hayhoe and Anne Stoner, from Texas Tech University. The GCMs used 
must have maximum and minimum temperature, precipitation, and solar radiation as outputs; 
simulations by selected models must agree with observations reasonably well in terms of climate 
sensitivity to greenhouse gas emissions; and outputs of simulations may not consistently perform 
poorly in many regions and for many variables. 
In this dissertation, I utilized statistically downscaled climate at the study locations from large-
scale climate models using the Asynchronous Regional Regression Model (ARRM) by the 
colleagues at Texas Tech University (Stoner et al., 2013). The ARRM downscaling technique 
first builds a statistical relationship between daily observed climatology at the site and historical 
simulated climate at the regional scale for each month during a period of over 30 years using 
piecewise quantile regression, then applies the regression parameters to regional GCM 
projections to generate station-based future climate. Note that the ARRM downscaling technique 
ranks daily observations and historical regional simulations before building the statistical 
relationship. The downscaled historical climate simulations are considered time-independent 
with no day-to-day correspondence with historical observed climate. Evaluation of the 
performance of ARRM downscaling method (Dixon et al., 2016) and its effects on ecological 
and hydrological modeling (Hay et al., 2014; Pourmokhtarian et al., 2016) have been reported in 
recent studies. 
3.5 Simulation procedures and data analyses 
Simulations were run from 1000 to 1850 AD with background pre-industrial estimates of 
meteorology, atmospheric deposition, and CO2 concentrations to allow the model outputs to 
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reach steady-state. I applied linear increases while scaling the month-to-month variation to 
represent gradual changes in these variables until the first year of available meteorology and 
atmospheric deposition observations. To validate performance of the model, simulations from 
the first year of available meteorology and atmospheric deposition observations to 2010 were 
compared with historical observations on site, simulations from other studies, or observations 
from similar ecosystems. I used two metrics, normalized mean error (NME) and normalized 
mean absolute error (NMAE) (Janssen and Heuberger, 1995), to evaluate performance of the 
model in stream water chemistry and discharge,  
𝑁𝑀𝐸 =
?̅? − ?̅?
?̅?
 
𝑁𝑀𝐴𝐸 =
∑ (|𝑃𝑖 − 𝑂𝑖|)
𝑛
𝑖=1
𝑛?̅?
 
where ?̅? and ?̅? are means of predicted and observed values, Pi and Oi are predicted and observed 
values at time i, and n is the number of observations. NME greater than 0 indicates 
overestimation, and a value less than 0 indicates underestimation. NMAE ranges from 0 to ∞, 
with 0 being optimal.  
Projections were made from 2011 to 2100 with and without application of the algorithm of CO2 
fertilization effects on vegetation using downscaled future climate scenarios. Future CO2 
concentrations were downloaded from the RCP database for RCP4.5 and 8.5 scenarios. I 
presented time series of the model outputs, and compare the long-term average of simulations for 
1986-2010 with those projected for 2076-2100. 
To examine future hydrological responses to climate change, I applied a Budyko curve approach 
to explore future partitioning of precipitation into evapotranspiration and runoff. The analyses 
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used similar methods as a previous study on water yield of multiple ecosystems (Creed et al., 
2014) and their concepts of dynamic deviation and elasticity to interpret the projections of the 
future hydrological status of the alpine tundra of Saddle at Niwot Ridge and the subalpine forest 
at LVWS. The Budyko curve describes the relationship between the annual potential 
evapotranspiration (PET) and actual evapotranspiration (AET) of a watershed, each standardized 
by the quantity of annual precipitation (P) (i.e., the evaporative index (EI = AET/P) is examined 
as a function of the dryness index (DI = PET/P)). The dynamic deviation is defined as the change 
in EI relative to the Budyko curve as climate varies. This metric is a measurement of the extent 
to which the allocation of precipitation to ET and runoff deviates from theoretical expectations 
under changing climate. Elasticity is defined as the ratio of the change in DI to the change in EI, 
and is a measure of the ability of a watershed to maintain water partitioning consistent with the 
Budyko curve as climate varies. A watershed has high elasticity if the DI changes with climate 
warming with only a limited change in EI (Creed et al., 2014). The Budyko curve used in this 
dissertation considered the plant-available water coefficient (ω) which represents the relative 
difference in the ways plants use water for transpiration and reflects rooting depth (Zhang et al., 
2001). Zhang et al. (2001) found that a ω of 2 best describes forested watersheds, and a ω of 0.5 
is best for grassland and cropland watersheds. Bare soil has ω of less than 0.5 because the rate of 
soil evaporation becomes water limited before plant transpiration (Zhang and Dawes, 1998). In 
this dissertation, I used a Budyko curve with ω=0.5 at the Loch Vale forest which has substantial 
solar heating on the ground and soil evaporation due to the low tree density, and a Budyko curve 
with ω=1 at the Saddle of Niwot Ridge to evaluate dynamic deviation and elasticity. 
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4. Dynamics of water, carbon, and nitrogen under future climate change at the H. J. 
Andrews Experimental Forest 
4.1 Results 
4.1.1 Model performance and future climate 
Simulations of aboveground net primary production (NPP) for Watershed 2 at HJA from 1970 to 
2003 (419±23 g C m-2 yr-1) were comparable with observations from four previous studies with 
mean values ranging from 380 to 440 g C m-2 yr-1 and standard deviations ranging from 60 to 
120 g C m-2 yr-1 for observations from 60 permanent plots (0.1 ha) in Watershed 2 (Shaw and 
Franklin, 2017) (Figure 4.1). Simulations of monthly stream discharge from 1973 to 2008 were 
similar to observations at Watershed 2 (Figure 4.2; Table 4.1), and simulated monthly 
transpiration was comparable with observations in 2000 at Watershed 2 using sap flow sensors 
(Moore et al., 2004) and observations in 1998 and 1999 from an old-growth Douglas-fir forest in 
Washington using eddy-covariance systems (Unsworth et al., 2004). Note that the old-growth 
forest at Watershed 2 is characterized by a much lower rate of transpiration (< 3 cm month-1 in 
summer) than the young and mature forests (Moore et al., 2004). To validate model simulations 
of seasonal photosynthesis without direct observations at Watershed 2 in HJA, I compared plant 
internal carbon storage simulated by PnET-BGC (Figure 4.3) with measurements of non-
structural carbohydrates (NSC) concentrations in a Douglas-fir forest in southwestern 
Washington State (Woodruff and Meinzer, 2011). Simulated NSC concentrations of total 
biomass in 1986-2010 was comparable with measured NSC concentrations in the trunk of tall 
(56.5 m) Douglas-fir trees in 2009 and 2010. Both simulations and observations were 
characterized by increasing trends in winter and spring as the photosynthate accumulates and 
decreasing trends in summer after the bud swell and leaf expansion. 
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Model simulations of stream water chemistry were similar to long-term average observations 
from 1981 to 2009, but did not capture year-to-year variations for some elements (Table 4.1). 
Model simulations were less accurate for SO4
2-, NH4
+, and NO3
- but note that these solutes 
exhibit low stream water concentrations. Long-term average simulated values for major 
biogeochemical pools/fluxes were comparable with or in the range of observations and 
simulations reported by previous studies (Table 4.2). Model performance of PnET-BGC for HJA 
was comparable with simulations for the Hubbard Brook Experimental Forest in New Hampshire 
(Pourmokhtarian et al., 2012) and simulations for HJA using another biogeochemical model, 
DayCent-Chem (Hartman et al., 2009).  
Downscaled climate projections suggest that annual mean temperature is expected to increase by 
2.4 to 7.1°C from 1986-2010 to 2076-2100 for Watershed 2 at HJA (Figure 4.4). Monthly 
projections showed larger increases in temperature in August and September than in other 
months under both the RCP4.5 and RCP8.5 scenarios, resulting in a shift of the warmest month 
of a year from July to August (Figure 4.5 a). Annual precipitation is projected to slightly change 
ranging from -19.9 to 13.6 cm from 1986-2010 to 2076-2100 (Figure 4.6). Note that projected 
changes in annual precipitation for HJA are small relative to its magnitude and annual variation. 
No distinctive pattern in precipitation was found among projections by different GCMs.  
4.1.2 Water processing under climate change scenarios 
Projections of transpiration at ecosystem level show different patterns from that of leaf stomatal 
conductance at Watershed 2. Transpiration per unit of ground area is projected to decrease from 
14.1±1.8 cm yr-1 in 1986-2010 to 7.4±2.3 cm yr-1 (6.3±1.9 cm yr-1 with CO2 effects) in 2076-
2100 under the RCP8.5 scenario, but little change is projected under the RCP4.5 scenario 
(14.3±0.5 cm yr-1 without CO2 effects; 12.6±0.5 cm yr
-1 with CO2 effects) during the same 
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period (Figure 4.7). Stomatal conductance (per unit of leaf area) is projected to increase 
throughout the year from 1986-2010 to 2076-2100 under both the RCP4.5 and RCP8.5 scenarios 
(Figure 4.5 b) despite the projected reduction in leaf carbon assimilation in July and August (see 
below). In 2076-2100, stomatal conductance is projected to be higher without CO2 effects than 
with CO2 effects. Contrasting to the pattern in ecosystem-level transpiration, stomatal 
conductance is projected to be substantially higher under the RCP8.5 than the RCP4.5 scenario, 
however, the pattern is less distinct in July and August. Projected decreases in transpiration per 
unit of ground area coupled with nearly constant future seasonal precipitation leads to anticipated 
increases in soil moisture in summer and fall especially under the high radiative forcing scenario 
(Figure 4.8). As a result, vegetation at Watershed 2 is not expected to suffer from soil moisture 
stress in the future (Figure 4.9 a b). The magnitude of change in annual transpiration is small 
relative to precipitation, therefore projected annual stream discharge is primarily driven by future 
precipitation. However, summer discharge is projected to increase from 3.0±2.6 cm yr-1 in 1986-
2010 to 4.5±2.4 cm yr-1 (4.8±2.5 cm yr-1 with CO2 effects) in 2076-2100 under the RCP8.5 
scenario corresponding to the large decreases in transpiration per unit of ground area. 
4.1.3 Carbon cycling under climate change scenarios 
Projections with and without potential CO2 fertilization effects show long-term decreases in 
future foliar NPP at Watershed 2 in HJA regardless of the GCM simulation considered (Figure 
4.10 a b). Average foliar NPP is projected to decrease from 128.6±9.2 g C m-2 yr-2 in 1986-2010 
to 81.3±5.1 g C m-2 yr-2 and 31.4±14.7 g C m-2 yr-2 in 2076-2100 under the RCP4.5 and RCP8.5 
scenarios, respectively. Summarized monthly projections show large declines in foliar biomass 
from 1986-2010 to 2076-2100 under both scenarios corresponding to decreases in foliar NPP 
(Figure 4.5 a). Projections of monthly foliar biomass also show an advanced start of leaf 
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expansion in spring. Leaf carbon assimilation (net photosynthesis per unit of leaf area) is 
projected to increase substantially from 1986-2010 to 2076-2100 between October and June 
(Figure 4.5 c). However, the rate is projected to decrease drastically in July (RCP8.5) and August 
(RCP4.5 and RCP8.5), with little change in September. In 2076-2100, net photosynthesis per 
unit of leaf area under the RCP8.5 scenario is projected to be higher than the RCP4.5 scenario 
from October to June, but lower than the RCP4.5 scenario from July to September. Projections 
considering potential CO2 fertilization effects result in higher leaf carbon assimilation than 
projections without CO2 effects in all months in 2076-2100, except for November (RCP4.5) and 
December (RCP4.5 and RCP8.5) in which the rates are projected to be negative. Net 
photosynthetic rate per unit of ground area is projected to markedly decrease from 912±46 g C 
m-2 yr-2 in 1986-2010 to 764±25g C m-2 yr-2 and 368±110 g C m-2 yr-2 in 2076-2100 under the 
low and high radiative forcing scenario, respectively. Model simulations also demonstrate that 
although photosynthetic rate per unit of ground area is expected to be higher with potential CO2 
fertilization effects on vegetation (903±29 g C m-2 yr-2 under RCP4.5 and 454±136 g C m-2 yr-2 
under RCP8.5 in 2076-2100), there is no difference in future foliar NPP or foliar biomass when 
potential CO2 fertilization effects were considered. 
I observed strong relationships (R2=0.84, p<0.001) between foliar NPP and the previous-year 
temperature projected from different radiative forcing scenarios and GCMs. Simulations of foliar 
NPP for a year are strongly controlled by the mean temperature of the warmest month in the 
previous year (Figure 4.11). Under future climate, each degree Celsius increase in the 
temperature of the warmest month in a year from 19.9°C (the average temperature of the 
warmest month in a year for 1986-2010) is projected to lead to a decrease in foliar production in 
the next year by 11.8 g C m-2 yr-1. 
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Future wood production shows different patterns under the RCP4.5 and RCP8.5 scenarios 
(Figure 4.10 c d). Under the RCP4.5 scenario, wood NPP is projected to show little long-term 
increase. Under the RCP8.5 scenario, projection of wood NPP had little difference among GCMs 
before the 2050s. By the 2090s, however, wood production at Watershed 2 is projected to 
decrease significantly for the warmest scenario under HadGEM2-CC (28±13 g C m-2 yr-1), but 
decrease at a lower rate under the less severe RCP8.5 scenarios by MIROC5 (153±32 g C m-2 yr-
1), CCSM4 (172±29 g C m-2 yr-1), and MRI-CGCM3 (281±21 g C m-2 yr-1). Effects of potential 
CO2 fertilization were more evident on wood NPP than foliar NPP. Under the RCP4.5 scenario, 
projections with potential CO2 fertilization effects show increases in wood NPP until the 2070s 
and then remains nearly constant at 431±7 g C m-2 yr-1 in 2076-2100. The RCP8.5 scenario with 
potential CO2 fertilization effects also results in higher wood NPP of 270±63 g C m
-2 yr-1 in 
2076-2100 compared with 201±45 g C m-2 yr-1 without CO2 effects. Net ecosystem production 
(NEP) is projected to slightly decrease to 40±28 g C m-2 yr-1 in 2076-2100 under the RCP4.5 
scenario without CO2 fertilization (Figure 4.10 e). Under the high radiative forcing scenario, 
NEP is projected to markedly decrease from 49±45 g C m-2 yr-1 (141±49 g C m-2 yr-1 with 
potential CO2 fertilization effects) in the 2040s to -230±23 g C m
-2 yr-1 in the 2090s (-196±26 g 
C m-2 yr-1 with potential CO2 fertilization effects) (Figure 4.10 f). 
Projected changes in foliar and wood production in the upcoming decades may be expected to 
cause corresponding changes in foliar and wood litter. Model projections showed future 
decreases in total litter calculated as the sum of foliar, wood, and root litter under both the 
RCP4.5 and RCP8.5 scenarios (Figure 4.12). Considering potential CO2 fertilization effects in 
the model results in negligible difference in total litter from model runs which excluded CO2 
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effects on vegetation. By the 2090s, the difference in projected total litter is below 3 g C m-2 yr-1 
with and without considering potential CO2 fertilization effects. 
Decomposition of SOM is projected to have little change from historical simulated value 
(286±19 g C m-2 yr-1 from 1986 to 2010) over the near-term, then start to decrease from the early 
2030s or 2050s until the end of the century to levels below the current SOM content depending 
on the future climate change scenario considered (Figure 4.12). Future decomposition of SOM is 
projected to have negligible difference if potential CO2 fertilization effects on vegetation are 
considered. Projected total litter is expected to decrease to values less than decomposition of 
SOM regardless of the climate change scenario considered. As a result, the SOM pool is 
projected to decrease from the historical simulated value of 11806±27 g C m-2 (from 1986 to 
2010) to 7202±386 g C m-2 and 4867±815 g C m-2 in 2076-2100 under the RCP4.5 and RCP8.5 
scenarios, respectively. Note that net loss of SOM under the RCP8.5 scenario is projected to 
exceed 100 g C m-2 yr-1 after the 2070s.  
PnET-BGC simulates major pools and fluxes of carbon in forest ecosystems, including live and 
dead biomass, soil organic carbon (SOC), dissolved organic and inorganic carbon in surface 
water, and net carbon exchange with the atmosphere. I illustrate the carbon mass balance for 
each decade in the past and future under climate change scenarios to demonstrate relative 
changes in carbon pools and fluxes (Figure 4.13). Model simulations from 1980 to 2009 indicate 
NEP and accumulation of carbon in both live and dead plant biomass coinciding with 
simultaneous increases in air temperature and CO2 concentrations over the past 30 years, while 
dissolved organic carbon loss is negligible (1 g C m-2 yr-1) compared with changes in these pools. 
Note that inorganic carbon fixation in stream water through CO2 dissolution and weathering is 
over 10 g C m-2 yr-1. 
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Future carbon budgets show contrasting patterns under different climate change scenarios 
(Figure 4.13 a b). Under the low radiative forcing scenario, the combination of projected 
increases in wood production, decreases in foliar and root production, and consequent decreases 
in total litter result in an accumulation of carbon in live and dead plant biomass until the end of 
the century. In spite of an unprecedented decrease in soil organic matter, the ecosystem continues 
net carbon uptake under the RCP4.5 scenario. Net uptake of CO2 from the atmosphere and 
accumulation of carbon in live plant biomass is not projected for Watershed 2 by the end of the 
century under the RCP8.5 scenario. Projected negative NEP in the 2050s under the high radiative 
forcing scenario (without CO2 fertilization effects) is reflected in decreases in carbon 
accumulation in live plant biomass. By the 2070s, carbon stored in live plant biomass is 
projected to stop accumulating resulting in greater net release to the atmosphere. Dead plant 
biomass is not projected to show a simultaneous decrease with live biomass over the last three 
decades of the century. 
Model projections with potential CO2 fertilization effects on vegetation (Figure 4.13 c d) show a 
contrasting pattern in future carbon dynamics from simulations without CO2 fertilization effects. 
Under the RCP4.5 scenario, accumulation of carbon in live plant biomass is projected to be 
significantly higher when potential CO2 effects are included in the model, especially at the end of 
the century. There is no significant difference in loss of SOC over time in projections with or 
without CO2 effects on vegetation. NEP is projected to slightly increase until the 2050s when 
potential CO2 fertilization effects on vegetation are considered in the model. Under the high 
radiative forcing scenario, projections with or without potential CO2 fertilization effects on 
vegetation do not show any difference in loss of SOC as well. The onset of negative NEP and 
loss of carbon from the live plant biomass pool under the RCP8.5 scenario are projected to occur 
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two decades and one decade later, respectively, in simulations with potential CO2 effects than in 
simulations without CO2 effects. Model simulations did not project future loss of carbon from 
dead plant biomass under either low or high radiative forcing scenarios with or without potential 
CO2 effects. Acid-neutralizing capacity of stream water is projected to slightly increase as a 
result of more rapid decreases in plant uptake than mineralization of base cations under climate 
change, but its contribution to watershed C cycle and sequestration is projected to be relatively 
small compared with other carbon pools and fluxes.  
4.1.4 Nitrogen cycling under climate change scenarios 
Although projections show contrasting future trends of carbon storage in live plant biomass 
under the RCP4.5 and RCP8.5 scenarios (Figure 4.13), foliar nitrogen concentration is projected 
to increase slightly in the 21st century under both climate change scenarios (Figure 4.14). The 
percentage of nitrogen in foliage of 1.24% is projected to increase slightly to 1.25% and 1.26% 
by the end of the century under RCP4.5 and RCP8.5, respectively. Projections with and without 
potential CO2 fertilization effects show negligible differences in foliar nitrogen concentration 
(Figure 4.14). The nitrogen content (in g N m-2) in SOM is projected to decrease with soil 
organic carbon (SOC) throughout the simulation period under both low and high radiative 
forcing scenarios (Figure 4.12, Figure 4.15). Nitrogen concentrations (percentage) in SOM, 
however, show contrasting patterns under future climate change scenarios. Under the RCP4.5 
scenario, the nitrogen concentration in SOM is projected to increase from a historical simulated 
value of 1.05% (from 1986 to 2010) until the 2040s to 2060s and then remain at 1.07% to 1.10% 
by the end of the century depending on the GCM selected. Under the RCP8.5 scenario, nitrogen 
concentration in SOM is projected to increase to 1.12% to 1.19% depending on the GCM 
considered. Projections with and without potential CO2 fertilization effects on vegetation show 
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negligible differences in nitrogen concentration in SOM (Figure 4.15). PnET-BGC calculates net 
nitrogen mineralization as the difference between gross mineralization and immobilization. 
Under the RCP8.5 scenario, net nitrogen mineralization is projected to gradually increase until 
the 2070s then decrease (Figure 4.16 b) at a lower rate than the reduction in soil decomposition 
(Figure 4.12 b). Stream leaching of NH4
+ under the RCP8.5 scenario is projected to slightly 
increase with net nitrogen mineralization until the 2070s (Figure 4.16 d). Stream leaching of 
NO3
-, which historically is below the limit of detection (0.07 µmol/L) in Watershed 2, is also 
projected to increase under the high radiative forcing scenarios (Figure 4.16 f). Invoking 
potential CO2 fertilization effects on vegetation has negligible effects on projections of inorganic 
nitrogen in surface water at Watershed 2 in HJA. Note that the absolute concentrations of 
nitrogen are very low compared with forested watersheds experiencing elevated leaching losses 
of nitrogen (Aber et al., 2003). 
4.2 Discussion 
4.2.1 Increasing temperature as a driving factor of future changes in carbon pools and fluxes 
Projected increases in leaf carbon assimilation corresponding to the increasing temperature from 
1986-2010 to 2076-2100 for the months of October to June are attributed to the closer-to-optimal 
temperature for photosynthesis which facilitates carboxylation efficiency of Rubisco. This 
pattern is consistent with observations from warming experiments for Douglas-fir seedlings 
(Lewis et al., 2001; Ormrod et al., 1999). However, projections suggest future changes in carbon 
dynamics at Watershed 2 in HJA are likely driven by direct temperature stress (Figure 4.9 c d) 
and heat-induced air humidity stress (Figure 4.9 e f) which reduce foliar production and biomass. 
Although it is widely recognized that water limitation affects, and will continue to affect, carbon 
cycling in young and mature forests in the Pacific Northwest (Berner and Law, 2015; Griesbauer 
39 
 
and Green, 2010; Kang et al., 2014; Littell et al., 2010; Littell et al., 2008; Spittlehouse, 2003), 
future summer drought under the RCP4.5 and RCP8.5 scenarios is not projected to be severe 
enough to cause soil moisture stress on the old-growth Douglas-fir forest due to the reduced 
foliar biomass and transpiration (see discussion below). 
Photosynthetic rates fall as temperature increases above an optimum due to the impairment of 
foliar protein function. However, it has long been speculated that acclimation can shift 
temperature optima (Berry and Bjorkman, 1980). PnET-BGC uses a quadratic relationship 
between temperature and photosynthetic rate to quantitatively represent this acclimation 
observed from warming and steady-state experiments (Battaglia et al., 1996; Lewis et al., 2001; 
Saxe et al., 2001), by which 80% of photosynthetic capacity is reached at 9°C above the 
temperature optima. However, projected future marked increases in temperature at HJA (Figure 
4.4), especially in summer, and associated increases in vapor pressure deficit result in a low rate 
of photosynthesis, which explains the decreases in leaf carbon assimilation from 1986-2010 to 
2076-2100 in July through September. A reduction of leaf carbon assimilation in summer may 
decrease the average monthly leaf carbon balance during the growing season in the current year, 
resulting in decreases in the foliar production and biomass in the year that follows. 
Projections without potential CO2 effects suggest that future net photosynthesis per unit of 
ground area at Watershed 2 is largely driven by the decreases in foliar biomass despite increasing 
leaf carbon assimilation from late fall to spring. Results from warming experiments have shown 
that increasing temperature causes decreases in summer photosynthetic rates (Lewis et al., 1999) 
and foliar production (Olszyk et al., 1998) in Douglas-fir forests. A recent study of seasonal 
patterns of temperature and foliar production at five mature Douglas-fir forests in the Pacific 
Northwest revealed adverse effects of temperature on foliar display above an optimum of 20°C 
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(Beedlow et al., 2013). In a review of data from 63 studies, Way and Oren (2010) found 
decreases in foliar biomass with increasing temperature above the optimum for evergreen 
species. Although projected increases in vapor pressure deficit are expected to decrease water-
use efficiency (WUE) and increase stomatal conductance, which is supported by a warming 
experiment for Douglas-fir seedlings (Lewis et al., 2002), simulations suggest that reduced foliar 
display largely drives the pattern of future transpiration at Watershed 2.  
Effects of soil moisture on vegetation are quantified in PnET-BGC by the ratio of actual and 
potential rates of transpiration. Little change in future precipitation (Figure 4.8 a b) coupled with 
the decreasing transpiration (Figure 4.7) is likely to increase soil moisture (Figure 4.8 c d) in the 
old-growth forest. The moderate water holding capacity of soils at Watershed 2 (Dyrness, 1969) 
is projected to keep soil moisture above the demand of water by vegetation (Figure 4.9 a b) 
through the dry summers that are projected for the future (Figure 4.8 a b). Projected air 
temperature and humidity stress under the RCP8.5 scenarios are more detrimental to foliar 
production in HJA than projected soil moisture stress in several hardwood forests in the 
northeastern U.S. (Pourmokhtarian, 2013). I attribute this difference to the nature of soil 
moisture stress under which plants adjust the foliar display downward to reduce future demand 
for transpiration alleviating further soil moisture stress. Although current knowledge of 
acclimation of optimal temperature for photosynthesis is quantitatively represented in PnET-
BGC, continuously increasing temperature and repeated stress under the RCP scenarios result in 
continuous reduction in foliar NPP and foliar biomass. 
Future trends in wood production reflect projected changes in the internal reserve carbon pool 
under climate change scenarios. Hartman et al. (2014) simulated lower future above and below 
ground carbon pools under warmer climate scenarios in both young and old-growth forests at 
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HJA, but attributed this response to lower soil moisture rather than direct temperature stress on 
photosynthesis. Their projection of a much lower above ground carbon pool in the young forest 
of the future than old-growth forest demonstrates the importance of stand age in the response of 
productivity to a future warmer climate at HJA. Essentially all the respiration terms used to 
calculate NEP are subjected to change with increasing temperature. A mesocosm experiment 
conducted with young Douglas-fir showed increases in gross photosynthesis and ecosystem 
respiration in response to elevated temperature (Tingey et al., 2007). Projected NEP in my study 
agrees with the results of Tingey et al. (2007) that elevated temperature may lead to decreases in 
NEP. 
The effect of elevated temperature on NPP is manifested through a decrease in total litter. The 
lack of change in soil decomposition in the near-term with relatively small change in substrate 
quantity is consistent with observations from a soil warming experiment using Douglas-fir 
seedlings grown in reconstructed litter-soil systems (Tingey et al., 2006). Litter serves as an 
input of SOM. Its continuous decrease from climate stress accelerates loss of SOM over the 
long-term as soil decomposition continues. Though the combined effects of increases in 
temperature and decreases in litter inputs under nearly constant soil moisture until the early 
2030s or 2050s under RCP4.5 or RCP8.5, respectively, soils are able to maintain nearly constant 
rates of decomposition. However, after the 2030s or 2050s, depending on the climate change 
scenario considered, much a lower amount of litter input overcomes the effects of higher 
temperature and soil moisture resulting in lower rates of decomposition. PnET-BGC projections 
are consistent with findings of supply-side controls on soil decomposition (Campbell et al., 
2004b), and agree with Hartman et al. (2014) that SOC decreases in the future. However, PnET-
BGC does not consider effects of litter quality on soil heterotrophic respiration. Hartman et al. 
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(2014) also projected slower increases in heterotrophic respiration under warmer scenarios at 
HJA, which is consistent with PnET-BGC projections that soil decomposition is lower under the 
RCP8.5 than RCP4.5 scenario. However, my simulations suggested that lower soil 
decomposition projected under the high radiative forcing scenario was due to lower productivity 
and substrate content, rather than lower soil moisture. 
4.2.2 Effects of allocation and immobilization on future nitrogen dynamics 
Projected decreases in nitrogen allocation to foliage coupled with little change in plant uptake of 
nitrogen result in an increase in accumulation of nitrogen in plant tissues. This future increase in 
accumulation of plant nitrogen results in increases in foliar nitrogen concentrations and 
subsequent increases in nitrogen concentrations in SOM. The prescribed relationship in PnET-
BGC suggests that projected increases in foliar nitrogen concentration only have a minor 
contribution to leaf carbon assimilation (< 3% increase). Projected changes in net nitrogen 
mineralization may not be solely attributed to changes in decomposition of SOM especially by 
the end of the century. Projected increases in nitrogen concentration of SOM from 1.05% (1986-
2010) to 1.09% (2076-2100 under RCP4.5) or 1.14% (2076-2100 under RCP8.5) alters the 
immobilization of nitrogen from 37% (1986-2010) to 34% (2076-2100 under RCP4.5) or 31% 
(2076-2100 under RCP8.5). The projected gradual increases in net nitrogen mineralization until 
the 2070s under the RCP8.5 scenario result from increases in concentrations of nitrogen in SOM 
and a decreasing percentage of nitrogen immobilization. This relation of net nitrogen 
mineralization with soil nitrogen stoichiometry is consistent with observations by Perakis and 
Sinkhorn (2011) from nine Douglas-fir forest in the north-central Oregon Coast Range and 
observations by Prescott et al. (2000) from nine Douglas-fir forests in Oregon and Washington.  
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Projections in this dissertation assume future atmospheric deposition of NH4
+ and NO3
- remain 
constant at relatively low values and are equivalent to the average of observations from 1980 to 
2010. Gradually increasing net nitrogen mineralization until the 2070s under the RCP8.5 
scenario leads to slow increases in NH4
+ in soil solution and stream water because accumulation 
of nitrogen in plant tissue slightly decreases the fraction of NH4
+ uptake from soil solution. Since 
the projections suggest net nitrification will continue to be low at HJA under future climate, 
projected increases in NO3
- concentration of stream water is the result of slight decreases in plant 
uptake of NO3
- associated with the accumulation of nitrogen in plant tissue. Plant uptake 
currently draws over 99% of inorganic nitrogen from soil solution at HJA, and this retention is 
projected to remain high (> 98%) even under the warmest climate change scenario. The high 
efficiency of plant uptake minimizes loss of nitrogen from the ecosystem. A modeling study in 
the western U.S. suggested an alleviation of nitrogen-limiting conditions due to increasing soil 
moisture and mineralization (Felzer et al., 2011). However, my projections did not demonstrate a 
decrease in the nitrogen-limiting condition of the old-growth forest at Watershed 2 in HJA under 
future climate change scenarios because changes in net nitrogen mineralization are small. 
4.2.3 Potential contribution of increasing atmospheric CO2 concentration to future water, 
carbon and nitrogen dynamics 
Experimental studies have demonstrated the potential for CO2 fertilization effects associated 
with increases in water-use efficiency and photosynthetic rate under elevated atmospheric CO2 
concentrations, despite the considerable debate on whether Rubisco activity and leaf nitrogen 
content will decrease under prolonged exposure to elevated CO2 concentrations (Ainsworth and 
Long, 2005; Leakey et al., 2009; Long et al., 2004). Projections of diminished stomatal 
conductance with potential CO2 fertilization effects are consistent with observations from a four-
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year manipulation experiment using Douglas-fir seedlings (Lewis et al., 2002). However, the 
long-term combined effects of elevated CO2 concentrations and increasing temperature on 
stomatal conductance projected in this study are in contrast with the patterns observed by Lewis 
et al. (2002) in a short-term experiment. Since Watershed 2 is not projected to suffer from soil 
moisture stress under future climate change, elevated CO2 concentration is not likely to affect 
future foliar display in the old-growth Douglas-fir forest. However, invoking potential CO2 
fertilization effects does result in higher future leaf carbon assimilation at Watershed 2 except for 
November and December. Projections during the growing season are consistent with findings 
from a CO2 enrichment experiment for Douglas-fir seedlings (Lewis et al., 2001). The additional 
carbon sequestered due to elevated CO2 concentration transfers into plant reserve C (PlantC), 
increasing wood production. Potential fertilization effects of elevated CO2 concentration on 
photosynthesis increase NEP compared with projections without CO2 effects. The only exception 
to this pattern under potential CO2 fertilization effects on vegetation occurs by the end of the 
century when NEP does not increase under the RCP8.5 scenarios because photosynthesis is 
limited by foliar display, not leaf carbon assimilation, when foliar biomass is low and 
atmospheric CO2 concentration is above 600 ppm (Ollinger et al., 2009). The old-growth forest 
at Watershed 2 is characterized by low rate of transfer from dead wood biomass to SOM, and 
total litter is largely contributed by foliar and root litter which are not projected to be affected by 
potential CO2 fertilization effects. CO2 fertilization may increase decomposition of SOM by 
increasing soil moisture associated with increases in water-use efficiency of plants (Felzer et al., 
2011). However, such an effect of elevated CO2 is negligible at Watershed 2 because of low rates 
of transpiration in the old-growth Douglas-fir forest. As a result, the overall effect of CO2 
fertilization on SOC at Watershed 2 is negligible under the RCP scenarios. Recent studies report 
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elevated CO2-enhanced SOM decomposition by mycorrhizal fungi in Free-Air Carbon dioxide 
Enrichment (FACE) experiments (Cheng et al., 2012; Phillips et al., 2012). However, PnET-
BGC does not include this mechanism, and shows negligible effect of CO2 on future dynamics of 
SOM. The potential contribution of CO2 fertilization on future carbon cycling reported in this 
study agrees with Hartman et al. (2014) who found the live plant biomass carbon pool is greater 
under high CO2 than low CO2 scenarios. Potential effects of CO2 fertilization on future nitrogen 
cycling is not evident. This is in contrast to projections using the DayCent-Chem model 
(Hartman et al., 2014) in which CO2 effects caused lower nitrogen mineralization and stream 
NO3
- fluxes. 
5. Dynamics of water, carbon, and nitrogen under future climate change at the Niwot 
Ridge 
5.1 Results 
5.1.1 Model performance and future climate and hydrology 
Comparisons of PnET-BGC simulations with measured observations from 1981-2010 for the 
Saddle, Niwot Ridge showed that the model captured long-term average aboveground NPP (May 
and Webber, 1982; Walker et al., 2016) (Figure 5.1; Figure 5.2). Note that the model calculated 
aboveground NPP as the sum of leaf and stem components but vegetative shoot apices and leaf 
meristems may be buried several centimeters below the ground and are not included in measured 
aboveground biomass. Also, the revised version of PnET-BGC for alpine tundra depicted 
monthly variation in snow water content (Halfpenny, 2016; Walker, 2016; Williams, 2016) 
(Figure 5.1; Figure 5.2).  This approach assured a fixed fraction of snowfall removed through 
wind redistribution, which may cause errors if the wind speed is extremely high or low. I 
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compared simulated monthly soil moisture index for 1982-2003 with observations calculated 
from gravimetric and volumetric soil moisture (Seastedt, 2017; Walker, 2017) (Figure 5.3). 
Model simulations captured the month-to-month variation in soil moisture index, except for three 
years (1997, 2000, and 2002) in which overestimation of soil moisture during the growing season 
were associated with overestimation of snow water content in winter. Long-term continuous 
measurements of transpiration are not available from the Saddle. I compared simulated 
transpiration at Saddle (1986-2010) with observed transpiration (1961-1990) at the nearby site 
D-1 (Greenland and Losleben, 2001) at 3750 m above the sea level (250 m higher than the 
Saddle) (Figure 5.4). Simulated monthly transpiration at the Saddle for 1986-2010 are higher 
than observations at D-1 for 1961-1990. I attribute this difference to the higher temperature at the 
lower-elevation site in the more recent period. The model also simulated other major ecosystem 
processes including water, carbon, and nitrogen cycling, and model outputs generally agreed 
with measurements of most ecosystem variables (Table 5.1).  
The magnitude of projected increases in temperature at the Saddle differed by season. Under 
both low and high radiative forcing scenarios, largest increases in temperature were observed in 
spring followed by fall and summer from 1986-2010 to 2076-2100. Winter temperature is 
projected to experience modest increases between these periods. Projected seasonal precipitation 
showed different patterns from temperature. Under both the RCP4.5 and RCP8.5 scenarios, 
increases in precipitation are projected in winter, while decreases in precipitation are projected 
for fall (Figure 5.5; Figure 5.6; Table 5.2). 
Future changes in temperature and precipitation are projected to affect both snow water content 
and the duration of the snow-covered period at the Saddle. Different GCMs yield contrasting 
projections of maximum snow water content of each year. However, the average of projections 
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show similar future snow water content under low and high radiative forcing scenarios. Snow 
water content in 2076-2100 is projected to be 64±10 cm under both the RCP4.5 and the RCP8.5 
scenarios, respectively, compared with the simulations of 75±18 cm for 1986-2010 (Figure 5.7; 
Table 5.3). Note that the highest future snow water content is projected under the warmest 
RCP8.5 scenario by HadGEM2-CC. Contrasting with the modest decreases in snow water 
content, snow-covered period is projected to be greatly shortened especially under the high 
radiative forcing scenario. The duration of the period of continuous snow cover at the Saddle is 
projected to decrease from 7.0±1.4 months in the 1986-2010 water year to 6.0±0.6 months and 
5.0±0.6 months in the 2075-2099 water year under the RCP4.5 and RCP8.5 scenarios, 
respectively (Figure 5.7; Table 5.3). Note that only months of snow water content greater than 20 
cm were considered in the calculation of snow-covered period. Projections show an advance in 
the timing of future snowmelt at the Saddle with snowmelt quantity increasing in spring and 
decreasing in summer. Spring snowmelt is projected to increase from 16±3 cm for 1986-2010 to 
26±3 cm and 38±5 cm during the 2076-2100 period under the RCP4.5 and RCP8.5 scenarios, 
respectively. Summer snowmelt is projected to decrease from 70±19 cm for 1986-2010 to 47±10 
cm and 33±12 cm during the 2076-2100 period under the RCP4.5 and RCP8.5 scenarios, 
respectively (Figure 5.8; Table 5.4). 
I simulated actual and potential transpiration at the Saddle under climate change scenarios, and 
found no significant changes by the end of this century. Actual transpiration changes from 41±6 
cm/yr in 1986-2010 to 43±2 cm/yr and 41±3 cm/yr in 2076-2100 under the RCP4.5 and RCP8.5 
scenarios, respectively (Table 5.3). Potential transpiration is projected to increase from 44±6 
cm/yr in 1986-2010 to 47±3 cm/yr and 46±3 cm/yr in 2076-2100 under the RCP4.5 and RCP8.5 
scenarios, respectively. As shown on the Budyko curve, the dryness and evaporative index 
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values are projected to increase from 1980-2009 to 2010-2039, and then decrease until the end of 
the century (Figure 5.9). There is an overall tendency for the hydrologic status of Saddle to shift 
towards a lower plant-available water coefficient (ω) in the Budyko curve under the climate 
change scenarios. However, the modest variation in dynamic deviation (-0.0080 to 0.0016) 
coupled with the wide range of projected dryness index values (0.308 to 0.354) yields high 
elasticity (e>1, except for 2070-2099 under the RCP8.5 scenario) (Table 5.5). 
5.1.2 Climate-driven changes in alpine plant dynamics 
Future carbon cycling of alpine plants is associated with growing season soil moisture, 
atmospheric CO2 concentration, and growing season length. Summer and fall are the driest 
seasons at Niwot Ridge. Plant soil moisture stress index values (DWater) during the growing 
season suggest modest to severe future drought during summer and fall under the climate change 
scenarios. The average of projections by the four GCMs showed that the minimum plant soil 
moisture stress index value during the growing season decreased from 0.82±0.15 in 1986-2010 
period to 0.72±0.09 (0.75±0.09 with CO2 effects) and 0.65±0.09 (0.69±0.09 with CO2 effects) 
for 2076-2100 under the RCP4.5 and RCP8.5 scenarios, respectively (Figure 5.10; Table 5.3). 
Future leaf net primary production responded to projected soil moisture conditions by decreasing 
from 54±5 g C m-2 yr-1 in 1986-2010 period to 46±2 g C m-2 yr-1 (48±2 g C m-2 yr-1 with CO2 
effects) and 36±3 g C m-2 yr-1 (40±3 g C m-2 yr-1 with CO2 effects) in 2076-2100 period under 
the RCP4.5 and RCP8.5 scenarios, respectively (Figure 5.10; Table 5.3). Projections without 
CO2 effects showed that leaf net primary production was more strongly correlated with the mean 
plant soil moisture stress index value (Figure 5.11, R2=0.37) than the minimum (R2=0.32) during 
summer and fall in the previous year. 
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Total photosynthesis of alpine plants is not only associated with leaf display but also the growing 
season length and atmospheric CO2 concentrations. Average length of growing season increased 
from 3 months for 1986-2010 to 3.6±0.2 months and 4.1±0.1 months for 2076-2100 under the 
RCP4.5 and RCP8.5 scenarios, respectively (Figure 5.10; Table 5.3). Annual photosynthesis is 
projected to change from 386±103 g C m-2 yr-1 during 1986-2010 to 420±48 g C m-2 yr-1 
(539±56 g C m-2 yr-1 with CO2 effects) and 355±63 g C m
-2 yr-1 (501±87 g C m-2 yr-1 with CO2 
effects) for 2076-2100 under the RCP4.5 and RCP8.5 scenarios, respectively (Figure 5.10; Table 
5.3). Future stem NPP is projected to increase with carbon storage in thick roots and non-
structural carbohydrates/lipids (see results below), while fine root NPP is projected to decrease 
with leaf NPP. As a result of the projected changes in each vegetation component, total NPP 
showed increases when CO2 fertilization effects were included in simulations, and decreases 
when they were not considered (Figure 5.12; Table 5.3).  
Future carbon storage in live and dead plant biomass responded to changes in photosynthesis at 
the Saddle. Projections of carbon storage in live plant tissue (storage organs and non-structural 
carbohydrates and lipids) show increases from 373±146 g C m-2 in the 1986-2010 period to 
520±55 g C m-2 (777±70 g C m-2 with CO2 effects) and 458±66 g C m
-2 (754±89 g C m-2 with 
CO2 effects) for 2076-2100 under the RCP4.5 and RCP8.5 scenarios, respectively (Figure 5.13; 
Table 5.3). Dead plant biomass shows various responses to future climate depending on the 
radiative forcing scenario and the GCM considered. During 2076-2100, dead plant biomass is 
projected to be 255±9 g C m-2 (330±11 g C m-2 with CO2 effects) under the RCP4.5 scenario and 
218±16 g C m-2 (311±19 g C m-2 with CO2 effects) under the RCP8.5 scenario, compared with 
236±38 g C m-2 for 1986-2010 (Figure 5.13; Table 5.3). 
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Nitrogen uptake by alpine plants is affected by both nitrogen availability in soil solution (see 
below) and nitrogen demand by the plants. As a result, nitrogen uptake largely occurs in late 
spring and early summer when nitrogen stored in snow pack is flushed with snowmelt, and plants 
have high demand to allocate nitrogen to different organs at the start of the growing season 
(Monson et al., 2001). Projections by four GCMs do not show uniform long-term changes in 
future nitrogen uptake. Simulated nitrogen uptake at the Saddle is 8.2±1.2 g N m-2 yr-1 from 1986 
to 2010. Average nitrogen uptake projected by the four GCMs for the 2076-2100 period is 
7.9±0.6 g N m-2 yr-1 (8.4±0.6 g N m-2 yr-1 with CO2 effects) and 7.2±0.6 g N m
-2 yr-1 (8.0±0.6 g 
N m-2 yr-1 with CO2 effects) under the RCP4.5 and RCP8.5 scenarios, respectively (Table 5.3). 
Projections without CO2 effects show that nitrogen uptake is more strongly correlated with net 
nitrogen mineralization under the RCP4.5 scenario (Figure 5.14a, R2 = 0.95) than the RCP8.5 
scenario (Figure 5.14b, R2 = 0.90). Projected nitrogen uptake is also strongly correlated with 
total NPP under the RCP8.5 scenario (Figure 5.14d, R2 = 0.18), but no significant correlation is 
observed under the RCP4.5 scenario (Figure 5.14c). 
5.1.3 Climate-driven changes in alpine soils 
Future decomposition of soil organic carbon is projected to respond to altered snow cover, 
growing season soil moisture and the temperature regime with distinct annual and seasonal 
patterns. Annual rates of soil decomposition are projected to slightly decrease without 
considering CO2 effects on vegetation, but show little change when CO2 effects are considered 
(Table 5.3). Projections without CO2 effects on vegetation show decreases in winter and summer 
soil decomposition, but increases in fall soil decomposition (Figure 5.8; Table 5.4). Note that soil 
decomposition in spring does not show significant change overtime (Figure 5.8; Table 5.4). 
Seasonal patterns of soil moisture without CO2 effects on vegetation indicated that during 
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summer the soil moisture index is projected to decrease from 0.91±0.11 in 1986-2010 to 
0.79±0.08 and 0.62±0.10 in 2076-2100 under the RCP4.5 and RCP8.5 scenarios, respectively. In 
contrast, during fall the soil moisture index is projected to increase from 0.65±0.30 in 1986-2010 
to 0.72±0.11 and 0.70±0.10 in 2076-2100 under the RCP4.5 and RCP8.5 scenarios, respectively 
(Figure 5.8; Table 5.4). Note that soil moisture is projected to be higher in fall than in summer by 
the end of the century under the RCP8.5 scenario.   
Projection of net nitrogen mineralization is primarily affected by future decomposition of soil 
organic carbon. Simulations indicate that the mean annual rate of nitrogen mineralization is 
8.0±1.2 g N m-2 yr-1 for 1986-2010. Projections show negligible changes in nitrogen 
mineralization to 7.7±0.6 g N m-2 yr-1 (8.2±0.6 g N m-2 yr-1 with CO2 effects) and 7.4±0.6 g N m
-
2 yr-1 (8.0±0.6 g N m-2 yr-1 with CO2 effects) under the RCP4.5 and RCP8.5 scenarios, 
respectively (Table 5.3). Seasonal results for projections without CO2 fertilization effects on 
vegetation show net N mineralization is expected to decrease in winter and summer but increase 
during other seasons under both low and high radiative forcing scenarios (Table 5.4). 
5.2 Discussion 
Previous studies at Niwot Ridge have largely focused on the response of ecosystem structure to 
future climate change. Long-term observations have shown that more significant changes in 
plant species distribution have occurred near the higher boundary at 3700 m and lower boundary 
at 3300 m (the subnival and treeline ecotones) rather than the center of alpine tundra at 3500 m 
where the Saddle site is located (Suding et al., 2015). Although warming and snow manipulation 
experiments at the Saddle have demonstrated changes in species diversity at the habitat level in 
response to altered climate factors (Gasarch and Seastedt, 2015; Walker et al., 2006), long-term 
observations suggest that ecosystem structure at the landscape level has been surprisingly stable 
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except for an increase in the coverage of shrub species from 0.24% in 1946 to 1.29% in 2008 
(Formica et al., 2014; Spasojevic et al., 2013), which is similar to the patterns observed at an 
arctic tundra site (Wilson and Nilsson, 2009). An experiment using a combination of warming, 
snow manipulation, and N fertilization in the moist meadow community at the Saddle 
demonstrated that ecosystem functions were not likely to be indirectly affected by climate 
change through interacting species (Farrer et al., 2015). These findings help justify my study that 
used a model with fixed vegetation inputs that depict the plant functional traits to examine how 
ecosystem functions respond to future changing climate. The agreement of model simulations 
with observations in major ecosystem variables suggests the robustness of the generalized model 
using a monthly time-step for the alpine tundra ecosystem with high spatial heterogeneity of 
snowpack and high dissimilarity of species composition among plots.  
5.2.1 Effects of increasing temperature and altered precipitation on water, carbon, and 
nitrogen cycling 
Low and high temperature limits of net photosynthesis are adapted by alpine plants for 
environments of extremely low air temperatures in winter and high leaf temperatures in summer 
(Billings and Mooney, 1968; Körner, 1982; Pisek et al., 1973). The wide range of optimal 
temperature of net photosynthesis by alpine plants results in little direct temperature effect on 
carbon sequestration under future climate change scenarios at Niwot Ridge. PnET-BGC 
projections were consistent with a manipulation experiment at an Alaskan tundra site in which 
photosynthetic capacity of seven plant species was relatively unchanged throughout the growing 
season (Starr et al., 2008). However, increasing temperature indirectly affects leaf conductance 
and carbon assimilation through altered potential transpiration and soil moisture stress, because 
vapor pressure deficit is projected to increase under future temperature, leading to decreases in 
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water use efficiency (Law et al., 2002) and increases in rates of potential transpiration per unit of 
leaf area. Despite the increasing demand, rates of actual transpiration are limited by available soil 
moisture. Projected increases in summer precipitation are not enough to compensate for the loss 
of soil moisture through transpiration, which causes soil moisture stress for alpine plants and 
negatively affects rates of photosynthesis at Niwot Ridge. Alpine plants respond to low soil 
moisture by producing less leaf area in the following year and operating at “full power”, rather 
than allocating excessive carbon to photosynthetic machinery and suffering from periodic “shut 
down” (Körner, 1999b). Repeated future soil moisture stress during the growing season is 
projected to decrease leaf display at Niwot Ridge especially under the high radiative forcing 
scenario. The findings of future soil moisture control over productivity at the alpine tundra 
ecosystem are consistent with remote sensing observations at an Arctic tundra site, which 
suggested decreased vegetation growth following earlier snowmelt (Gamon et al., 2013). A 
meta-analysis of warming experiments also found slight declines in canopy height and coverage 
of herbaceous plants from three alpine tundra ecosystems (Walker et al., 2006). Note that several 
short-term field studies conducted in Arctic and Antarctic tundra ecosystems reported unchanged 
or increasing productivity in response to warming. However, some of these ecosystems did not 
exhibit soil moisture stress during the growing season (Day et al., 2008; Hobbie and Chapin, 
1998), while other studies found similar relative effects of soil moisture on plant productivity as 
projections in this dissertation (Oberbauer et al., 2007). 
Decreasing snowmelt and increasing demand for transpiration decreases soil moisture during 
summer. The effect of decreasing summer soil moisture outweighs the direct effect of increasing 
temperature on soil decomposition, resulting in decreases in soil decomposition. Projections 
show paradoxical results of increasing soil moisture in fall with decreasing precipitation and 
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increasing temperature. This pattern is due to an increase in the rain to snow ratio in fall because 
the temperature is projected to increase from just below freezing to above freezing under the 
future climate scenarios. Projected increases in both temperature and soil moisture in fall lead to 
increases in rates of soil decomposition.  
Projected changes in climate and hydrology shift Saddle’s relative position on the Budyko curve 
(Budyko, 1974), as evapotranspiration is projected to become more water-limited over the short 
term due to the temperature-induced increases in evapotranspiration, but more energy-limited 
over the long term because of anticipated future increases in precipitation. However, future 
earlier snowmelt (Figure 5.8e, f) and decreasing summer soil moisture (Figure 5.8a, b) suggest 
that climate change is projected to decouple the timing of water and energy supply at Niwot 
Ridge, resulting in less favorable conditions for the alpine plants (Figure 5.10a, b). The overall 
tendency of Saddle to shift on the Budyko curve from a higher to a lower plant-available water 
coefficient (ω) (Zhang et al., 2001) in the future indicates that the alpine plants may alter their 
use of soil water for transpiration due to temperature-induced decreases in leaf area. The 
projections contrast with findings from previous studies which concluded a large response in 
actual evapotranspiration to climate variability, low elasticity values, and low resilience for 
alpine tundra ecosystems (Creed et al., 2014; Jones et al., 2012). These studies assumed water 
storage is at steady state when calculating actual evapotranspiration. Although the implications 
for water-yield at alpine tundra sites using the Budyko curve approach is accurate, this analysis 
suggests that the response in actual evapotranspiration to future climate variability at Niwot 
Ridge may not be as drastic as previously suggested. 
Primary production is associated with the nitrogen demand of alpine plants throughout the 
growing season, while net nitrogen mineralization determines soil nitrogen availability because 
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future nitrogen deposition was assumed to be constant in this study. Nitrogen demand of alpine 
plants is highest at the start of the growing season, then decreases in summer and fall as the 
demand for nitrogen is satisfied through continuous uptake. Projections suggest future nitrogen 
uptake at Niwot Ridge is largely controlled by nitrogen supply than by nitrogen demand under 
both scenarios, with stronger control by the supply under the RCP4.5 scenario. The demand for 
nitrogen by the alpine plants is projected to affect uptake, to some extent, under the RCP8.5 
scenario, but has little effect under the RCP4.5 scenario. This difference occurs because of 
greater decreases in NPP under the RCP8.5 than the RCP4.5 scenario, especially for foliar and 
root components which have higher nitrogen requirements. 
5.2.2 Effects of extended growing season and reduced snowpack on alpine plants and soils 
Alpine tundra ecosystems are characterized by short growing seasons. However, climate change 
is expected to significantly increase the length of growing season in the future (Walker et al., 
2001). Historic phenological records at Niwot Ridge (Holway and Ward, 1965; Walker et al., 
1995) and other arctic tundra, alpine tundra, and subalpine meadow ecosystems (Arft et al., 
1999; Dunne et al., 2003) have shown earlier initiation of growing season in response to climate 
warming. Projections of advanced spring transpiration at Saddle due to increasing temperature 
demonstrates effects of the extended growing season. As discussed previously, direct effects of 
increasing temperature on photosynthetic rate per unit of leaf area is negligible at Saddle due to 
the nature of alpine plants. However, simulations without CO2 fertilization effects on vegetation 
show increases in annual photosynthesis per unit of ground area under the RCP4.5 scenario, 
while plant water stress is projected to become more severe and leaf area is projected to 
decrease. These seemingly contradictory results are due to the 20% increase in the length of 
growing season from 3 months in 1986-2010 to 3.6 months in 2076-2100. Similar results are also 
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projected under the RCP8.5 scenario due to the extended growing season, in which plant soil 
moisture stress index and leaf area are projected to decrease by 21% and 33%, respectively, but 
annual photosynthesis per unit of ground area is projected to decrease by only 8% from 1986-
2010 to 2076-2100. The additional carbon sequestration due to the extended growing season 
contributes to primary production, accumulation in live plant tissues, and transfers to dead plant 
tissues and soil organic matter which may further affect the leaching of dissolved organic carbon 
to surface water. A previous winter-warming experiment using snow fences and spring snow 
removal found 20% increase in aboveground NPP from an Arctic tundra, and attributed the 
response to phenological shifts and increased nitrogen availability (Natali et al., 2012). 
Projections in this dissertation showed similar increases in spring nitrogen availability associated 
with warming. However, I did not find nitrogen induced increases in aboveground NPP because 
the increases in nitrogen availability in spring was largely offset by the decreases during 
summer. 
Note that PnET-BGC simulates the initiation of growing season to certain growing degree days. 
Several manipulation experiments found that photoperiod (Keller and Körner, 2003) and nutrient 
supply (Smith et al., 2012) may be more important in controlling the phenology of some alpine 
plant species. In contrast to this dissertation, a simulation study projected a shorter future 
growing season in alpine tundra because of the constraint on spring plant phenology by constant 
future photoperiod and earlier senescence in fall due to drier conditions (Ernakovich et al., 
2014). Future improvements in PnET-BGC may quantitatively include such mechanisms to 
better describe current understanding of plant phenology. 
Simulations by PnET-BGC of trends of snow water equivalent and duration of snow cover 
agreed with U.S. Department of Agriculture regional snowpack telemetry (SNOTEL) 
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observations (Harpold et al., 2012). PnET-BGC considers snow-insulation effects and assumes 
constant soil temperature under the snowpack. Projected decreases in winter soil decomposition 
were attributed to reduced subnivean microbial activity due to the shorter snow-covered period 
from 7.0 months for 1986-2010 to 6.0 months and 5.0 months for 2076-2100 under the low and 
high radiative forcing scenarios, respectively. Future changes in soil decomposition in spring are 
expected to be affected by the increasing temperature and a shortened snow-covered period. 
Projections suggest that effects of these two factors may offset each other, resulting in little 
change in spring soil decomposition regardless of radiative forcing scenario. 
While subnivean microbial processes are primarily affected by the duration of snow cover, 
projected changes in snow water equivalent and the timing of snowmelt are expected to affect 
future soil moisture regime during summer. Future long-term decreases in soil decomposition in 
summer are the result of advanced snowmelt which drives decreases in summer soil moisture 
(Figure 5.8). 
5.2.3 Contribution of elevated atmospheric CO2 concentration on alpine tundra ecosystem 
functions 
There is less consensus on the effects of elevated atmospheric CO2 concentrations on carbon 
sequestration in alpine tundra ecosystems than for forests which have been the focus of the free-
air CO2 enrichment (FACE) studies. Some field studies have shown increased photosynthetic 
rate of alpine plants under elevated CO2 concentrations (Körner and Diemer, 1987; Stocker et al., 
1997), while another study showed that CO2 stimulation of carbon sequestration declined within 
each growing season, and disappeared by the end of a four-year experiment (Körner et al., 1997). 
Several manipulation experiments reported downward adjustments of photosynthetic capacity by 
alpine plants under elevated CO2 concentrations due to a significant increase in total non-
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structural carbohydrates in leaves and an associated decrease in leaf nitrogen concentrations and 
Rubisco activity, which may or may not be enough to compensate CO2 fertilization effects 
(Inauen et al., 2012; Körner and Diemer, 1994). This version of PnET-BGC was modified for 
alpine tundra ecosystems to consider CO2 effects on vegetation. However, future improvements 
to the CO2 fertilization algorithms are needed as relevant field studies become available. 
Elevated atmospheric CO2 concentrations are projected to affect major ecosystem functions at 
Saddle by increasing photosynthetic rates per unit of leaf area. As leaf and root production are 
largely affected by future temperature and precipitation, increases in rates of photosynthesis 
result in the accumulation of carbon in non-structural carbohydrates, lipids, and storage organ of 
alpine plants. Projected large increases in non-structural carbohydrates under elevated CO2 
concentrations are consistent with observations (Baxter et al., 1997; Körner, 2003; Poorter et al., 
1997; Roumet et al., 1999; Zvereva and Kozlov, 2006) and simulations (Luo et al., 1997) for 
grassland and alpine tundra ecosystems. Carbon allocation to stems is expected to increase with 
elevated atmospheric CO2 concentrations, as observed by Tissue and Oechel (1987). Dead plant 
biomass is also expected to increase in response to the increases in stem NPP. Simulations 
suggested that future elevated CO2 concentration results in increases in carbon pools of live and 
dead plant biomass, but causes only slight increases in soil organic matter which leads to a 
negligible difference in rates of soil decomposition from projections without CO2 effects on 
vegetation. 
Future increases in atmospheric CO2 concentrations are also projected to increase water use 
efficiency of alpine plants, which is consistent with observations from stable isotopic approaches 
(Barbosa et al., 2010). Projected increases in water use efficiency result in lower rates of 
transpiration compared with projections without CO2 effects. Decreased transpiration alleviates 
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plant soil moisture stress on the alpine tundra ecosystem, and projects slightly higher leaf NPP 
compared with projections without CO2 effects. Projections of small reductions in transpiration 
and increases in soil moisture under elevated CO2 concentrations are consistent with 
observations in the Jura Mountains of Switzerland (Lauber and Körner, 1997; Niklaus et al., 
1998; Stocker et al., 1997), and projected positive growth responses to CO2 enrichment were 
observed and attributed to CO2-induced increases in soil moisture in grassland ecosystems 
(Dijkstra et al., 2010; Morgan et al., 2004). In PnET-BGC, root production is simulated as a 
function of leaf production. Elevated atmospheric CO2 concentration is expected to result in 
slightly higher root primary production at Saddle under climate change scenarios, which is 
consistent with observations of transient CO2-induced root growth under low soil moisture 
conditions in the Swiss Jura Mountains (Leadley et al., 1999). 
6. Dynamics of water and carbon under future climate change at the Loch Vale Forest 
6.1 Results 
6.1.1 Model performance and future climate 
Long-term measurements of snow water equivalent (SWE) at Loch Vale forest have been made 
only once per year at the end of winter as part of a snowpack chemistry study (Ingersoll et al., 
2011). I therefore compared monthly simulations of snow water equivalent with U.S. 
Department of Agriculture regional snowpack telemetry (SNOTEL) observations at two 
subalpine forests at Bear Lake and Niwot Ridge which are 2km and 30km from Loch Vale, 
respectively, and are similar elevation as Loch Vale forest 
(https://www.wcc.nrcs.usda.gov/snow/snotel-wedata.html). Simulated SWE were comparable 
with long-term observed values and captured the monthly variation (Figure 6.1). I used observed 
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meteorological data before 2017 as inputs to run the model, and compared simulated volumetric 
soil moisture with recent measurements (Bowker, personal communication) (Figure 6.2). 
Simulations generally agreed with observations in summer, fall, and winter. However, the model 
simulates plant-available water in soil, therefore did not perform as well during snowmelt when 
soil moisture increases above the water holding capacity, resulting in saturated soil. 
In addition to comparison with on-going long-term measurements, model outputs were also 
validated against individual studies on dynamics of water and carbon at Loch Vale forest (Table 
6.1). Model simulations of carbon storage and fluxes of different components of plant and soil 
organic matter were comparable with measurements from a comprehensive study (Arthur and 
Fahey, 1992), and did not showed significant long-term change as demonstrated by several 
surveys since that original work (Bowker, personal communication). The simulated rate of 
transpiration was lower than observations from a subalpine forest at Niwot Ridge which is about 
30km to the north of Loch Vale. This difference is attributed to the lower tree density and an 
older stand age at Loch Vale forest. 
Downscaled climate projections showed that annual mean temperature is expected to increase by 
1.9 to 3.1°C from 1986-2010 to 2076-2100 under the RCP4.5 scenario. Under the RCP8.5 
scenario, annual mean temperature is expected to increase by 3.7 to 6.5°C during the same period 
at Loch Vale forest (Figure 6.3). Annual precipitation is projected to be 110.2 to 124.0 cm in 
2076-2100 compared with 103.6 cm in 1986-2010 (Figure 6.4). No distinctive pattern in annual 
precipitation was evident among projections by different GCMs. Note that PnET-BGC simulates 
snow-to-rain ratio based on air temperature. As a result of future increases in temperature, the 
snow-to-rain precipitation ratio is projected to decrease from 0.84 in 1986-2010 to 0.51 and 0.33 
in 2076-2100 under the RCP4.5 and RCP8.5 scenarios, respectively (Figure 6.5). 
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6.1.2 Water budgets under climate change scenarios 
Projections of major hydrological processes show smaller long-term changes than the snow-to-
rain ratio on an annual basis (Figure 6.5). Transpiration is projected to increase slightly from 
11.5±2.2 cm yr-1 in 1986-2010 to 13.7±1.5 cm yr-1 (12.0±1.6 cm yr-1 with CO2 effects) under the 
RCP4.5 scenario and 15.5±2.1 cm yr-1 (13.6±1.9 cm yr-1 with CO2 effects) under the RCP8.5 
scenario in 2076-2100 (Table 6.2). Soil evaporation is projected to increase from 14.6±3.6 cm yr-
1 in 1986-2010 to 19.6±2.7 cm yr-1 and 23.1±3.2 cm yr-1 in 2076-2100 under the RCP4.5 and 
RCP8.5 scenarios, respectively. Canopy interception of rainfall is projected to increase from 
5.7±1.1 cm yr-1 in 1986-2010 to 7.8±1.0 cm yr-1 under the RCP4.5 scenario and 9.4±1.3 cm yr-1 
under the RCP8.5 scenario in 2076-2100, corresponding to the increasing precipitation as rainfall 
during this period. Wind redistribution of snow showed little change from 1986-2010 to 2076-
2100 under the RCP4.5 scenario, but slight decreases under the RCP8.5 scenario due to the 
reduction in future precipitation as snowfall. As a result of the projected changes in precipitation 
and evapotranspiration, future runoff generated from the Loch Vale forest is projected to slightly 
increase from 58.7±19.1 cm yr-1 in 1986-2010 to 64.4±17.7 cm yr-1 (66.0±18.5 cm yr-1 with CO2 
effects) in 2076-2100 under the RCP4.5 scenario, but show little change under the RCP8.5 
scenario (57.6±19.5 cm yr-1 without CO2 effects; 59.5±19.9 cm yr
-1 with CO2 effects) during this 
period (Table 6.2). 
As shown using the Budyko curve, the evaporative index values are projected to initially 
decrease from 1980-2009 to 2010-2039, and then increase until the end of the century under the 
RCP4.5 and RCP8.5 scenarios (Figure 6.6). Dryness index values are projected to slightly 
decrease from 1980-2009 to 2010-2039 under the RCP4.5 scenario, but continuously increase 
until the end of the century under the RCP8.5 scenario. There is an overall tendency for the 
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hydrologic status of the Loch Vale forest to shift towards a slightly lower plant-available water 
coefficient (ω) and move along the Budyko curve under the climate change scenarios toward a 
more water limited condition. The modest variation in dynamic deviation (-0.0145 to 0.0046) 
coupled with the wide range of projected dryness index values (0.459 to 0.636) yields high 
elasticity (e>1, except for 1980-2009 to 2010-2039 under the RCP4.5 scenario) (Table 6.3). 
Distinct changes are evident in the projected monthly hydrologic pattern from 1986-2010 to 
2076-2100 under the RCP4.5 and 8.5 scenarios (Figure 6.7). Corresponding with increases in air 
temperature, the Loch Vale forest is projected to receive a larger fraction of precipitation as 
rainfall from November to April, especially under the RCP8.5 scenario. As a result, soil 
moisture, which changes little from December to February in 1986-2010, is projected to slightly 
increase throughout the winter in 2076-2100 under the RCP8.5 scenario. Runoff from November 
to April is projected to be higher in 2076-2100 than in 1986-2010, especially under the RCP8.5 
scenario. Note that little runoff was generated at the Loch Vale forest from December to 
February in 1986-2010. Net accumulation of snow in November and March is projected to be 
lower in 2076-2100 than in 1986-2010 at Loch Vale, and net loss of snowpack is projected to 
start in April by 2076-2100 compared with the onset in May for 1986-2010. Runoff in May and 
June is projected to be lower in 2076-2100 than in 1986-2010 largely due to lesser snowmelt and 
a higher rate of soil evaporation. Transpiration in May and June show smaller increases than soil 
evaporation from 1986-2010 to 2076-2100, but leads to greater loss of soil moisture from the 
sub-soil layer than the top- soil layer. Evapotranspiration from July to September in 2076-2100 is 
projected to change little or slightly decrease from 1986-2010. As a result, runoff from July to 
September is projected to remain low in 2076-2100. Future increases in precipitation as rainfall 
in October result in increases in soil moisture compared with 1986-2010, which allows higher 
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rates of evapotranspiration in 2076-2100. Consequently, runoff in October 2076-2100 is 
projected to be lower than 1986-2010. 
6.1.3 Carbon dynamics under climate change scenarios 
Potential transpiration and plant soil moisture stress are projected to increase at the Loch Vale 
forest under both RCP scenarios (Figure 6.8 a b; Table 6.2). Comparison of the lowest monthly 
plant soil moisture stress index (DWater) of the year from the past to the future indicates that 
minimum monthly DWater is projected to decrease from 1 (no stress) in 1986-2010 to 0.96±0.05 
(0.99±0.03 with CO2 effects) and 0.91±0.09 (0.96±0.05 with CO2 effects) in 2076-2100 under 
the RCP4.5 and RCP8.5 scenario, respectively. Note that a lower DWater value indicates more 
severe plant soil moisture stress (see Methods for definition of DWater). Projections using 
climate inputs by GCMs with the highest future temperature (HadGEM2-CC and MIROC5) 
suggest DWater decreases below 0.6 under both RCP scenarios. 
Corresponding with the projected plant soil moisture stress, simulations of foliar biomass at the 
Loch Vale forest decrease from 737±16 g C m-2 in 1986-2010 to 702±31 g C m-2 (720±28 g C m-
2 with CO2 effects) and 620±82 g C m
-2 (649±72 g C m-2 with CO2 effects) in 2076-2100 under 
the RCP4.5 and RCP8.5 scenarios, respectively (Figure 6.8 c d; Table 6.2). Projections using 
climate inputs by HadGEM2-CC and MIROC5 show even larger decreases in foliar biomass 
than simulations using inputs from other GCMs under both scenarios. Future climate change 
under the RCP scenarios is projected to increase the length of growing season at the Loch Vale 
forest. Growing season was defined as months with positive transpiration. Model simulations 
suggest the length of growing season increase from 7.1±0.7 months in 1986-2010 to 8.3±0.6 
months under the RCP4.5 scenario and 9.7±0.7 months under the RCP8.5 scenario in 2076-2100 
(Figure 6.8 e f; Table 6.2). Note that the increase in transpiration in March and November 
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corresponding to the extended growing season is negligible (Figure 6.7). Therefore, the 
implications of a future longer growing season on the dynamics of water and carbon should be 
interpreted with caution. The value of air temperature stress index (DTemp) for the warmest 
month of the year is projected to increase from 0.89±0.04 in 1986-2010 to 0.97±0.02 and 
0.99±0.02 in 2076-2100 under the RCP4.5 and RCP8.5 scenarios, respectively (Figure 6.8 g h; 
Table 6.2). Note that projections using climate inputs by some GCMs show decreases in DTemp 
values of the warmest month in a year by the end the century. 
As a result of the combined effects of future changes in foliar display, length of growing season, 
and physiological stress to trees, total photosynthesis is projected to increase from 341±38 g C 
m-2 yr-1 in 1986-2010 to 430±51 g C m-2 yr-1 (499±62 g C m-2 yr-1 with CO2 effects) in 2076-
2100 under the RCP4.5 scenario and 440±77 g C m-2 yr-1 (558±85 g C m-2 yr-1 with CO2 effects) 
under the RCP8.5 scenario (Figure 6.8 i j; Table 6.2). Projections using climate inputs from 
GCMs with higher future temperature (HadGEM2-CC and MIROC5) show larger annual 
variation in total photosynthesis. Projected increases in photosynthesis at the Loch Vale forest 
leads to accumulation of carbon in wood biomass from 6100±189 g C m-2 in 1986-2010 to 
9965±361 g C m-2 (11478±601 g C m-2 with CO2 effects) in 2076-2100 under the RCP4.5 
scenario and 10727±558 g C m-2 (13559±1016 g C m-2 with CO2 effects) under the RCP8.5 
scenario (Figure 6.8 k l; Table 6.2). 
Carbon storage in soil organic matter is projected to decrease from 3120±43 g C m-2 in 1986-
2010 to 2781±46 g C m-2 (2728±42 g C m-2 with CO2 effects) in 2076-2100 under the RCP4.5 
scenario and 2418±108 g C m-2 (2319±98 g C m-2 with CO2 effects) under the RCP8.5 scenario 
(Figure 6.9; Table 6.2). Projected decreases in soil organic carbon is largely due to lower rates of 
total litter (foliar, wood, and root) rather than decomposition. Total litter is projected to decrease 
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from 160±8 g C m-2 yr-1 in 1986-2010 to 155±7 g C m-2 yr-1 (158±6 g C m-2 yr-1 with CO2 
effects) in 2076-2100 under the RCP4.5 scenario and 139±10 g C m-2 yr-1 (145±9 g C m-2 yr-1 
with CO2 effects) under the RCP8.5 scenario. Future soil decomposition is projected to change 
little from 162±13 g C m-2 yr-1 in 1986-2010 to 160±11 g C m-2 yr-1 (163±12 g C m-2 yr-1 with 
CO2 effects) in 2076-2100 under the RCP4.5 scenario and 155±17 g C m
-2 yr-1 (159±15 g C m-2 
yr-1 with CO2 effects) under the RCP8.5 scenario. 
6.2 Discussion 
Major challenges in model validation of this site resulted from spatial heterogeneity at the Loch 
Vale watershed and limitations in data availability. Snowmelt, evapotranspiration, and 
sublimation/wind redistribution which govern the streamflow at the outlet of the Loch Vale 
watershed have distinct patterns at the high (bare rock), middle (alpine tundra), and low 
(subalpine forest) altitudinal range of the watershed (Kampf et al., 2015; Molotch et al., 2009). 
Although daily streamflow has been monitored since the 1980s and 1990s at Andrews Creek 
(3210 m), Icy Brook (3180 m), and Loch Outlet (3110 m), long-term measurement of runoff 
generated from the subalpine forest specifically are not available. Therefore, model simulations 
were only compared with observations of snow water equivalent, soil moisture, and 
evapotranspiration in this study. Although net ecosystem CO2 exchange was measured at a 
nearby subalpine forest (Monson et al., 2005; Monson et al., 2002), the much younger stand age, 
with higher tree density and different species composition than the Loch Vale forest limited 
meaningful comparison. Long-term measurements of carbon pools and fluxes in the vegetation 
and soil are not available for the Loch Vale forest. However, the comprehensive studies by 
Arthur and Fahey (1990, 1992) with three surveys on the site (Bowker, personal communication) 
and a study for subalpine forests in the Rocky Mountains (Bradford et al., 2008) showed no 
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significant long-term change in these carbon pools and fluxes especially for stand age greater 
than 100 years, which is consistent with our simulated values before 2010 using observed 
climate data as model inputs (Figure 6.8 c d i j k l; Figure 6.9) and previous modeling studies 
(Baron et al., 1994; Hartman et al., 2009).  
6.2.1 Effects of temperature on water and carbon dynamics 
Temperature response of photosynthesis by subalpine trees species is characterized by wide 
range of optima (Körner, 2012e). The quadratic relationship of net photosynthetic rate and air 
temperature prescribed in PnET-BGC effectively depicted this adapted feature of subalpine 
forests in which the temperature range to reach 80% photosynthetic capacity is 18°C (11°C to 
29°C; see method for model structure and parameterization) which is close to the observed range 
of 16°C (Wieser, 2007a) for Pinus Cembra in Austria. Although the contribution of increasing 
temperature to future increases in carbon assimilation is rather small for the warmest month of a 
year (Figure 6.8 g h), the photosynthetic rate per unit of leaf area is projected to largely increase 
for the other months of the growing season as DTemp increases from zero at 0°C to 0.8 at 11°C. 
This pattern is supported by 15 years of eddy covariance measurements at a nearby subalpine 
forest which found strong temperature control on net ecosystem CO2 exchange during the snow-
ablation period (Winchell et al., 2016), and is consistent with simulations in a previous 
sensitivity analysis at the Loch Vale watershed using RHESSys model that found warming in 
spring caused larger increases in photosynthesis than in other seasons (Baron et al., 2000a). 
Positive effects of increasing temperature on net ecosystem CO2 exchange during the spring 
were also observed by Huxman et al. (2003) in the subalpine forest. Despite projected decreases 
in leaf display (Figure 6.8 c d), future warmer temperature results in increases in photosynthesis 
per unit of ground area even when potential CO2 fertilization effects are not considered (Figure 
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6.8 i j). The extended growing season may only have a minor contribution to projected increases 
in photosynthesis on an annual basis because of the limited marginal increment of photosynthesis 
in early spring and late fall (see below). Dendrological studies have identified positive growth 
responses of trees near their altitudinal limits in North America and the Alps in the past centuries 
(Paulsen et al., 2000; Rolland et al., 1998; Salzer et al., 2009), and some studies attributed such 
response to increasing temperature rather than elevated CO2 or N-deposition (Körner, 2012f). 
Projections of carbon dynamics on a subalpine forest in the Qilian Mountains of northwestern 
China also found increases in productivity under the RCP scenarios (Peng et al., 2017). Although 
the high temperature sensitivity of cell duplication time (or the duration of mitosis) of trees near 
their altitudinal limits (Körner, 2012b) are not fully represented, and likely reproductive 
improvements (seed production and quality, seedling establishment) associated with warmer 
temperature (Körner, 2012c) are not considered in the model, projections using PnET-BGC 
demonstrated from a metabolic and carbon balance perspective that future wood biomass may 
likely increase due to additional carbon sequestration under warmer temperature. It is reasonable 
to speculate that actual growth increases of the subalpine forest in the future may be even greater 
than my model projections. Despite the physiological importance of the question, PnET-BGC is 
not able to address whether future increases in wood biomass will be manifested through height 
or radial growth, or increases in wood density due to the spatial and temporal resolution of the 
model. Xylogenesis studies have demonstrated that cell division (radial growth) and cell wall 
thickening and lignification (wood density increase) occur at different stage of the growing 
season near the treeline (usually taking days to weeks), and are strongly controlled by 
temperature (Körner, 2012b). Trees near their altitudinal limits are characterized by high “tree-
taper” (low height relative to diameter) because of the slow height growth due to the colder 
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microclimate the upper parts of a tree experiences and the benefited radial growth from wind 
shelter, described by Körner (2012a) as cold “tips and toes” and more moderate conditions in 
between. Future radial and height growth as well as wood density of the subalpine forest will 
largely depend on the microclimate at the fine temporal scale, and may have important 
implications for the vulnerability of the trees in this cold and windy environment. 
Future warmer temperature is projected to offset the effects of decreasing soil moisture and 
substrate quantity to maintain relatively constant soil decomposition under the RCP4.5 and 
RCP8.5 scenarios, resulting in frequent higher future rates of soil decomposition than total litter 
input which is largely driven by foliar and root litter due to the low rate of deadwood decay in 
the subalpine forest (Arthur and Fahey, 1990, 1992). As a result, the soil organic carbon pool is 
projected to significantly decrease at the Loch Vale forest especially by the end of the century 
under the RCP8.5 scenario (Figure 6.9). Projections of soil organic carbon loss due to 
physiological stress are consistent with observations of a nearby subalpine forest at Niwot Ridge 
after forest dieback due to insect outbreak (Xiong et al., 2011). Their observations and my 
simulations both demonstrate the importance of decreases in carbon inputs to the soil after forest 
dieback. However, the effects of altered soil food web and microbial biomass examined by 
Xiong et al. (2011) are not considered in PnET-BGC simulations. Scott-Denton et al. (2003) 
conclude from observations during three summers at the subalpine forest of Niwot Ridge that 
soil moisture represents a primary control over annual variation in soil respiration. PnET-BGC 
projections suggest, however, future realistic long-term patterns of soil decomposition may to a 
large extent be affected by the increasing temperature under advanced snowmelt in spring and 
unprecedented low soil moisture conditions in summer.  
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Future warmer temperature is projected to exert greater impact on the monthly hydrological 
pattern (Figure 6.7) than on the annual hydrological response (Figure 6.5) at the Loch Vale forest 
under the RCP scenarios. However, the small long-term changes projected in annual runoff 
should be interpreted with caution, since this study only focused on the forest portion within the 
watershed. Future realistic response of streamflow at the outlet of the Loch Vale watershed 
would also be affected by the range shifts of the forest and hydrological response at the snow-
covered upper part of the watershed which is currently featured by alpine tundra and bare rock. 
Simulations of hydrologic responses for the entire Loch Vale watershed by Baron et al. (2000a) 
suggested that warming and cooling scenarios only changed total annual discharge slightly but 
had a dramatic effect on the timing of discharge. Projected changes in climate and hydrology 
shift the relative position of the Loch Vale forest on the Budyko curve (Budyko, 1974), as 
evapotranspiration is projected to become more water-limited due to the temperature-induced 
increases in evapotranspiration. The shift of the Loch Vale forest on the Budyko curve from a 
higher plant-available water coefficient (ω) (Zhang et al., 2001) in 1980-2009 to a lower value in 
2010-2039 under the RCP8.5 scenario indicates that near-term increasing temperature exerts its 
impact during those months when evapotranspiration is limited by soil water storage. Projections 
in this chapter contrast with findings from previous studies which concluded a large response in 
actual evapotranspiration to climate variability, low elasticity values, and low resilience for the 
entire (Jones et al., 2012) and upper parts (Andrews Creek) (Creed et al., 2014) of the Loch Vale 
watershed. These studies assumed water storage is at steady state when calculating actual 
evapotranspiration. Although their implications for water-yield using the Budyko curve approach 
is accurate, this analysis indicates that the response in actual evapotranspiration to future climate 
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variability in the subalpine forest may not be as drastic as previously suggested for the entire or 
upper parts of the Loch Vale watershed. 
The analyses of projected monthly hydrological pattern suggest that future increasing 
temperature under the RCP scenarios may have greater impacts during the dormant season and at 
the start and end of the growing season (Figure 6.7). In the middle of the growing season (July to 
September), the demand for water by soil evaporation and transpiration is projected to be much 
higher in 2076-2100 than in 1986-2010 due to the increasing air temperature and vapor pressure 
deficit. However, these increases in evapotranspiration demand are largely limited by soil 
moisture storage, therefore little change was projected in actual soil evaporation or transpiration 
at the Loch Vale forest. Projections of unprecedented plant soil moisture stress (Figure 6.8 a b) 
under the RCP scenarios and the little change in actual transpiration between July and September 
demonstrated that the Loch Vale forest is currently under a critical condition for heat-induced 
drought (Allen et al., 2010). Subalpine forests are characterized by low tree density and a high 
rate of soil evaporation due to solar ground warming and litter interception of rainfall (Reynolds 
and Knight, 1973). Large increases in soil evaporation from 1986-2010 to 2076-2100 in May and 
June, when upper-layer soil moisture is adequate, deplete soil moisture of the upper-layer 
causing large decreases in the sub-layer despite only slight increases in transpiration. Soil 
moisture of the top-layer, which gradually decreases in middle summer and slowly increases in 
early fall in 1986-2010, is projected to experience frequent depletion-and-recharge in 2076-2100 
under the RCP8.5 scenario. PnET-BGC projections are consistent with simulations in a previous 
sensitivity analysis for the entire Loch Vale watershed which demonstrated large responses of 
evapotranspiration to warming in the early growing season (Baron et al., 2000a). Peak runoff 
generated from the forest part of the Loch Vale watershed is projected to advance from May in 
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1986-2010 to April in 2076-2100 under the RCP8.5 scenario. It should be reiterated that future 
response of streamflow at the outlet of the Loch Vale watershed will also be affected by the 
range shifts of the forest and hydrological response at currently snow-covered upper part of the 
watershed. 
6.2.2 Effects of soil moisture, length of growing season, and atmospheric CO2 concentration 
on water and carbon dynamics 
Trees in subalpine forests rarely experience water limiting conditions (Körner, 2012d, e; Mayr, 
2007; Tranquillini, 1979b). Model simulations at the Loch Vale forest using observed climate 
before 2010 are consistent with this observation, showing no plant soil moisture stress (Figure 
6.8 a b). However, future warmer temperature under the RCP scenarios is projected to increase 
potential transpiration through increasing VPD (Anfodillo et al., 1998; Körner and Cochrane, 
1985), resulting in plant soil moisture stress at the Loch Vale forest when soil water storage is 
depleted (Figure 6.8 a b). Projections of plant soil moisture stress associated with extended 
growing season are consistent with observations using stable hydrogen isotopes at a nearby 
younger subalpine forest (Hu et al., 2010b), but contrast with later simulations by the same 
laboratory for the forest under the Special Report on Emissions Scenarios (SRES) which are used 
in IPCC’s Fourth Assessment Report (Scott‐Denton et al., 2013). This difference between results 
of this dissertation and predictions by Scott-Denton et al. (2013) was probably due to the 
different climate change scenarios selected (SRES versus RCP) and their less accurate model 
performance in soil moisture during the early and late growing season. A reduction of leaf 
carbon assimilation in summer due to plant soil moisture stress may decrease the average 
monthly leaf carbon balance during the growing season in the current year, and result in 
decreases in the foliar production and biomass in the year that follows (Figure 6.8 c d). Although 
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limited studies have been conducted on water relations near the treeline during the growing 
season presumably due to the “relatively unexciting expectations and results” (Körner, 2012e), 
simulated effects of drought on foliar production are consistent with observations above (Körner, 
1999b) and below (Cowling and Field, 2003) the ecotone and the response of foliar production to 
other climatic factors (e.g., temperature) near the treeline (Körner, 2012b; Tranquillini, 1979a). 
Projected decreases in foliar production and biomass under the RCP scenarios have lesser 
impacts on photosynthesis than on litterfall and soil organic matter because future carbon 
assimilation is projected to be largely affected by increasing temperature at the subalpine forest.  
Numerous studies have demonstrated that the extended growing season associated with climate 
warming may enhance carbon assimilation. This dissertation, however, suggests that such effects 
may not be significant under the RCP scenarios at the subalpine forest of Loch Vale watershed. 
Although the length of growing season (defined as months of positive transpiration) was 
projected to significantly increase (Figure 6.8 e f), only limited marginal increases in leaf 
conductance were simulated at the start (March) and end (November) of the extended growing 
season in the future (Figure 6.7). Projected monthly photosynthetic rates are not shown because 
past simulations cannot be compared with on-site observations due to lack of data. However, 
projected monthly transpiration in 2076-2100 under the RCP scenarios suggests that marginal 
increases in carbon assimilation result from the extended growing season, although the water use 
efficiency in March and November can be higher than other months due to the relatively low 
VPD. 
Experimental studies over the past few decades on carbon sequestration and forest growth in 
response to elevated atmospheric CO2 concentrations in subalpine forests have little consensus. 
Wieser (2007b) reviewed the literature suggesting that enhanced photosynthesis and short-term 
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stimulated growth and non-structural carbohydrate contents will occur under elevated CO2 
concentration, while Körner (2012f) found that the influence of elevated CO2 concentration has 
been greatly overestimated, and concluded that there was “not much a leeway for a continued 
CO2 enrichment-driven growth stimulation”. My simulations with potential CO2 fertilization 
effects suggested future increases in atmospheric CO2 concentration under the RCP scenarios 
may lead to higher carbon sequestration (Figure 6.8 i j), non-structural carbohydrates 
concentration (data not shown), and wood biomass (Figure 6.8 k l), but lower transpiration 
(Table 6.2). PnET-BGC projections are consistent with observations from several CO2 
enrichment studies near the treeline (Dawes et al., 2011; Handa et al., 2005; Hättenschwiler et 
al., 2002) and a sensitivity analysis using RHESSys model at the Loch Vale watershed (Baron et 
al., 2000a), but could not distinguish the increases in wood density or width as different studies 
have. Some experimental studies have attributed a lack of growth stimulation to reduced nitrogen 
contents in plant tissue under elevated CO2 concentrations (Hättenschwiler and Körner, 1996, 
1998; Hättenschwiler and Schafellner, 1999). However, projections of little changes in foliar 
nitrogen content (data not shown) under future gradual increases in atmospheric CO2 
concentration contrasts with those findings from short-term manipulation studies under constant 
elevated CO2 concentration. Projected lower transpiration and slightly alleviated plant soil 
moisture stress with potential CO2 fertilization effects was due to the increased WUE under 
elevated CO2 concentrations (Curtis, 1996), a global pattern recently confirmed using remoting 
sensing and ground-based observations (Cheng et al., 2017). 
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7. Biogeochemical and hydrological responses of forest and alpine tundra ecosystems to 
future climate change in the western and northeastern United States 
Projections of ecosystem responses to future climate change under the RCP scenarios were 
conducted for the Hubbard Brook Experimental Forest and six other long-term monitoring 
watersheds in forest ecosystems of the northeastern United States. Pourmokhtarian et al. (2017) 
projected soil moisture stress in northern and central hardwood forests of the Northeast (n=6) due 
to future increasing transpiration demand and limited soil water storage due early loss of 
snowpack and an extended growing season, despite increases in precipitation. However, some of 
the forests with projected soil moisture stress were anticipated to have large future increases in 
NPP (n=3) due to subtle decreases in foliar NPP and substantial increases in wood NPP, while 
others showed moderate decreases (n=3). The only spruce-fir forest studied, Cone Pond 
watershed, was projected to experience air temperature stress without soil moisture stress, but 
also future increases in NPP. In my dissertation, soil moisture stress is not projected for the H. J. 
Andrews Experimental Forest with the driest growing season and the largest biomass of all ten 
watersheds modeled for the West and Northeast by Pourmokhtarian (2013) and myself. This 
difference is attributed to the much higher water-use efficiency and lower demand for 
transpiration by the old-growth forest compared to the younger stands in the East due to regional 
climate and landscape characterized by wet winters and springs coupled with the moderate water 
holding capacity of the soil. Cross-site analyses in this dissertation suggests that compared with 
soil moisture stress, air temperature stress results in more drastic decreases in both foliar (Figure 
4.10 a b) and wood NPP (Figure 4.10 c d) in the Douglas-fir forest of the Pacific Northwest than 
any hardwood or conifer forests of the Northeast (Pourmokhtarian, 2013). The much larger 
decreases in foliar production and biomass caused by air temperature stress are due to the lack of 
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downward adjustments in severity of physiological stress that decreasing foliar display and 
transpiration demand as soil moisture stress exerts on trees. This analysis also suggests that the 
type of physiological stress experienced by conifer forests under climate change may not be 
limited to air temperature stress as reported by Pourmokhtarian et al. (2017) for Cone Pond or in 
the Pacific Northwest. The subalpine forest is widely recognized to be currently temperature-
limited (Körner, 2012b, d, f). Future climate change may relieve the temperature-limiting 
condition of the ecosystem but introduce soil moisture stress which result in much smaller 
decreases in NPP and soil organic carbon. 
Despite different types of physiological stress and distinct patterns of component of NPP 
response among the sites, Pourmokhtarian et al. (2017) projected increases in evapotranspiration 
in all seven northeastern forests under both the RCP4.5 and 8.5 scenarios. Cross-site analyses for 
my dissertation suggest that annual transpiration is driven by decreases in foliar display 
associated with air temperature stress in the Douglas-fir forest of the Pacific Northwest (Figure 
4.5; Figure 4.7) or soil moisture stress in the alpine tundra of the southern Rocky Mountains 
(Table 5.3) rather than increases in leaf conductance associated with warmer temperature. 
Different patterns of annual transpiration in the western sites from the northeastern sites have 
little impact on annual stream discharge because transpiration only accounts for a small 
proportion of the annual hydrologic budget due to the decoupled energy and water supply in the 
Pacific Northwest and the southern Rocky Mountains. However, seasonal patterns of soil 
moisture of the western sites are projected to have distinct patterns from the northeastern sites 
under future climate change. Large decreases in transpiration with foliar display at the H. J. 
Andrews Experimental Forest are projected to increase future soil moisture in summer and fall; 
increasing rain to snow ratio will increase future soil moisture in fall at Niwot Ridge despite 
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decreasing precipitation and increasing temperature. Although seasonal soil moisture is not 
reported in Pourmokhtarian (2013), values can be inferred from the regional climate and 
projections of annual transpiration, soil moisture stress on the vegetation, and annual stream 
discharge. Volumetric soil moisture is likely to decrease during the growing season but may have 
various responses in other seasons at the various study sites of the Northeast under the RCP 
scenarios. Projected increases in soil moisture at the H. J. Andrews Experimental Forest in 
summer and fall and at the Saddle of Niwot Ridge in spring and fall have important 
biogeochemical implications as decomposition of SOM is closely related to nutrient availability 
and may affect stream water chemistry through soil processes. 
Diverse future responses of SOM content were projected for the western sites under the RCP 
scenarios, which contrasts to the large declines in SOM in all northeastern forests projected by 
Pourmokhtarian (2013). The H. J. Andrews Experimental Forest showed large future decreases 
in SOM (Figure 4.12), which is similar to the responses for northeastern sites. In contrast, much 
slower declines in SOM were projected for the Loch Vale forest and Niwot Ridge especially 
under the RCP4.5 scenario (Figure 6.9; Figure 7.1). The less sensitive responses of SOM in 
ecosystems of the southern Rocky Mountains are attributed to different factors at the two study 
sites. Subalpine forests are characterized by high foliar retention time (low rate of foliar 
production relative to the biomass) (Arthur and Fahey, 1992). The extent to which physiological 
stress may impact foliar biomass and litterfall in forests near the treeline is much smaller than at 
lower elevations. Distinct from trees, alpine tundra plants include grasses, forbs, and sedges in 
absence of wood. Carbon is allocated from storage organs to stems through tillering. Transfers 
completed each year from stems to the necromass, which is different from wood turnover of trees 
in which annual mortality only accounts for a small proportion of total wood biomass. The slow 
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decrease of SOM in the alpine tundra is the result of the close relation of litter inputs with total 
NPP. In contrast, the large declines in SOM in forests of the Northeast and the Pacific Northwest 
are driven by decreases in foliar and root NPP. Additionally, soil decomposition is thought to be 
largely affected by soil moisture, rather than temperature in the southern Rocky Mountains. 
Compared with other regions, the slower decreases in litter inputs and slower increases in 
decomposition in the southern Rocky Mountains result in the less sensitive responses in SOM 
under the RCP scenarios. 
Comparison of annual water mass balance projected at the study sites in the northeastern and 
western United States show distinct patterns of stream discharge under the RCP scenarios 
(Figure 7.2). Increases in future stream discharge are projected for 3 (Bear Brook, Biscuit Brook, 
and Cone Pond) out of 7 study sites in the Northeast, which is largely driven by projected 
increases in precipitation under the RCP scenarios. Projected increases in evapotranspiration at 
other study sites in the Northeast may either offset or outweigh increases in precipitation and 
result in little change (Hubbard Brook, Huntington Forest, and Sleepers River) or decreases 
(Fernow Forest) in future stream discharge. Future precipitation downscaled under the RCP 
scenarios in the western study sites show much smaller increases than the northeastern sites. 
However, annual stream discharge is not projected to decrease in the western sites. Future 
decreasing transpiration projected at Andrews Forest under the RCP8.5 scenario result in slight 
increases in annual stream discharge, note that the amount of transpiration is small compared 
with precipitation and stream discharge. Large increases in stream discharge is projected with 
little change in precipitation at Niwot Ridge due to the increasing rain to snow ratio with 
temperature. In Loch Vale watershed, future increases in annual evapotranspiration is small 
because increases in evapotranspiration are only projected in the start and end of the growing 
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season (Figure 6.7). Despite the magnitude of future increases in precipitation is smaller than the 
northeastern sites, smaller increases in evapotranspiration result in little change in stream 
discharge. 
Projected future snowpack under the RCP scenarios across the 10 sites in the United States show 
distinct seasonal patterns (Figure 7.3). In the northeastern sites, maximum snow water equivalent 
of a year is projected to decreases from 1986-2010 to 2076-2100 except for the Cone Pond under 
the RCP4.5 scenario, presumably due to the small increases in temperature but large increases in 
precipitation in winter. The start of snow ablation period, defined as the time of peak SWE, is 
projected to advance by 1 to 2 months in the future, with no difference under the RCP4.5 and 
RCP8.5 scenarios in any northeastern sites as projected by the monthly time-step PnET-BGC 
model. The end of snow ablation period, defined as the time of zero SWE, however, is not 
projected to advance in the northeastern sites except for Sleepers River. The western sites had 
large variation in snow water equivalent. Watershed 2 in Andrews Forest has the lowest snow 
water equivalent among all 10 study sites, while Niwot Ridge and Loch Vale have the largest 
amount of snowpack. Maximum SWE of a year is projected to decreases at Niwot Ridge but 
with no difference under the RCP4.5 and RCP8.5 scenarios. The start of snow ablation is 
projected to advance under the RCP8.5 scenario, and the end of snow ablation is project to 
advance under both RCP4.5 and RCP8.5 scenarios at Niwot Ridge. In Loch Vale, maximum 
SWE of a year is projected to decrease with the start of snow ablation advancing under the 
RCP4.5 and RCP8.5 scenarios and the end of snow ablation advancing under the RCP8.5 
scenario. The advance start or end of snow ablation period coupled with decreasing amount of 
snowmelt have great implications to the vegetation and monthly stream discharge especially in 
the water-limited ecosystems.  
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Pourmokhtarian (2013) also examined future stream water concentration of NO3
- and acid 
neutralizing capacity (ANC) in the northeastern forests under the RCP scenarios. These model 
outputs are not discussed for the individual chapters of the three western sites in this dissertation. 
Terrestrial pools and fluxes of water, carbon, and nitrogen other than NPP, soil organic matter, 
and transpiration were not discusses for the seven northeastern forests by Pourmokhtarian (2013) 
but were discussed or validated for the western sites in my dissertation. Future collaborations 
will focus on comparing and contrasting those processes in the Northeast and the West under the 
RCP scenarios to further examine biogeochemical and hydrological responses of the ecosystems 
to climate change.  
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Figures 
 
Figure 3.1. Study sites in the contiguous United States for this dissertation (HJA: The H. J. 
Andrews Experimental Forest; NWT: Niwot Ridge; LVW: Loch Vale Watershed; HBR: The 
Hubbard Brook Experimental Forest). 
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Figure 3.2. PnET-BGC model structure showing depicted pools and fluxes of water, carbon, and 
nutrients (after Gbondo-Tugbawa et al., 2001). Processes depicted: 1. Gross photosynthesis; 2. 
Foliar respiration; 3. Transfer to mobile C; 4. Growth and maintenance respiration; 5. Allocation 
to buds; 6. Allocation to fine roots; 7. Allocation to wood; 8. Foliar production; 9. Wood 
production; 10. Soil respiration; 11. Weathering supply; 12. Precipitation; 13. Interception; 14. 
Snow-rain partition; 15. Snowmelt; 16. Shallow flow; 17. Water uptake; 18. Transpiration; 19. 
Deposition (wet and dry); 20. Foliar nutrient uptake; 21. Foliar exudation; 22. Throughfall & 
stemflow; 23. Wood litter; 24. Root litter; 25. Foliar litter; 26. Wood decay; 27. 
Mineralization/immobilization; 28. Nutrient uptake; 29. Cation exchange reactions; 30. Anion 
adsorption reactions; 31. Drainage. 
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Figure 4.1. Comparison of simulated and observed annual aboveground NPP from 1970 to 2015 
for Watershed 2 at the H. J. Andrews Experimental Forest. Color symbols indicate mean values 
from the literature. Error bars indicate standard deviation. 
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Figure 4.2. Simulated and observed monthly streamflow (Johnson and Rothacher, 2016) from 
1973 to 2008 for Watershed 2 at the H. J. Andrew Experimental Forest. 
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Figure 4.3. Simulations of monthly carbon storage (non-structural carbohydrates as a percentage 
of total biomass) in 1986-2010 for Watershed 2 at the H. J. Andrews Experimental Forest. 
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Figure 4.4. Observations (1980-2010) and future projections (2011-2100) of annual mean 
temperature for Watershed 2 at the H. J. Andrews Experimental Forest under the RCP4.5 and 
RCP8.5 scenarios using four GCMs. The values in parentheses for GCM labels indicate 
increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure 4.5. Historical simulations (1986-2010) and future projections (2076-2100) of monthly 
average temperature and foliar biomass (a), stomatal conductance (b), and leaf carbon 
assimilation (c) under the RCP4.5 and RCP8.5 scenarios for Watershed 2 at the H. J. Andrews 
Experimental Forest. Projections shown are the average using climate inputs from four GCMs 
for each scenario. 
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Figure 4.6. Observations (1980-2010) and future projections (2011-2100) of annual precipitation 
for Watershed 2 at the H. J. Andrews Experimental Forest under the RCP4.5 and RCP8.5 
scenarios using four GCMs. The values in parentheses for GCM labels indicate increases in 
annual mean temperature (°C) from 1986-2010 to 2076-2100. 
 
 
 
 
 
88 
 
 
Figure 4.7. Historical simulations (1980-2010) and future projections (2011-2100) of 
transpiration under the RCP4.5 (a) and RCP8.5 (b) scenarios for Watershed 2 at the H. J. 
Andrews Experimental Forest. Projections shown used climate inputs from four GCMs. The 
values in parentheses for GCM labels indicate increases in annual mean temperature (°C) from 
1986-2010 to 2076-2100. 
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Figure 4.8. Observations/historical simulations (1980-2010) and future projections (2011-2100) 
of seasonal precipitation (a, b) and soil moisture index (c, d) under the RCP4.5 (a, c) and RCP8.5 
(b, d) scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. Results shown are 
average of projections using four GCMs with CO2 fertilization effects on vegetation. Spring 
(MAM), Summer (JJA), Fall (SON), Winter (DJF). 
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Figure 4.9. Historical simulations (1980-2010) and future projections (2011-2100) of plant soil 
moisture stress index (a, b), plant temperature stress index (c, d), and plant air humidity stress 
index (e, f) under the RCP4.5 (a, c, e) and RCP8.5 (b, d, f) scenarios for Watershed 2 at the H. J. 
Andrews Experimental Forest. Projections shown used climate inputs from four GCMs. The 
values in parentheses for GCM labels indicate increases in annual mean temperature (°C) from 
1986-2010 to 2076-2100. 
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Figure 4.10. Historical simulations (1980-2010) and future projections (2011-2100) of foliar 
NPP (a, b), wood NPP (c, d), and NEP (e, f) under the RCP4.5 (a, c, e) and RCP8.5 (b, d, f) 
scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. Projections shown used 
climate inputs from four GCMs. The values in parentheses for GCM labels indicate increases in 
annual mean temperature (°C) from 1986-2010 to 2076-2100. 
92 
 
 
Figure 4.11. Relation of annual foliar NPP with monthly temperature of the warmest month in 
the previous year under the RCP4.5 and RCP8.5 scenarios for Watershed 2 at the H. J. Andrews 
Experimental Forest. Color symbols indicate projections using future climate input from four 
GCMs from 2011 to 2100; black symbols indicate simulations using observed climate inputs 
from 1980 to 2010. 
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Figure 4.12. Historical simulations (1980-2010) and future projections (2011-2100) of total litter 
and SOM decomposition under the RCP4.5 (a) and RCP8.5 (b) scenarios for Watershed 2 at the 
H. J. Andrews Experimental Forest. Results shown are the average of projections using climate 
inputs from four GCMs for each scenario. 
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Figure 4.13. Decadal carbon mass balance under the RCP4.5 (a, c) and RCP8.5 (b, d) scenarios 
for Watershed 2 at the H. J. Andrews Experimental Forest without (a, b) and with (c, d) potential 
CO2 fertilization effects on vegetation. Results shown are the average of projections using four 
GCMs for each scenario. Negative values of changes in live plant, soil organic matter, and dead 
wood indicate accumulation of carbon in these pools. 
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Figure 4.14. Historical simulations (1980-2010) and future projections (2011-2100) of foliar 
nitrogen concentration under the RCP4.5 (a) and RCP8.5 (b) scenarios for Watershed 2 at the H. 
J. Andrews Experimental Forest. Projections shown used climate inputs from four GCMs. The 
values in parentheses for GCM labels indicate increases in annual mean temperature (°C) from 
1986-2010 to 2076-2100. 
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Figure 4.15. Historical simulations (1980-2010) and future projections (2011-2100) of nitrogen 
content (solid lines) and nitrogen concentration (dash lines) in soil organic matter under the 
RCP4.5 (a) and RCP8.5 (b) scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. 
Projections shown used climate inputs from four GCMs. The values in parentheses for GCM 
labels indicate increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure 4.16. Historical simulations (1980-2010) and future projections (2011-2100) of net 
nitrogen mineralization (a, b) and stream NH4
+ (c, d) and NO3
- (e, f) under the RCP4.5 (a, c, e) 
and RCP8.5 (b, d, f) scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. 
Projections shown used climate inputs from four GCMs. The values in parentheses for GCM 
labels indicate increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure 5.1. Comparison of simulated and observed annual aboveground NPP from 1982 to 2010 
at the Saddle, Niwot Ridge. Simulations include leaf and stem NPP; observations are from 
samples using harvest measurements, and average values were calculated based on the areal 
percentage of the physiognomic-habitat type (noda) of sample locations within the Saddle. 
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Figure 5.2. Comparison of simulated and observed snow water equivalent (SWE) from 1982 to 
2010 at the Saddle, Niwot Ridge. Observations are calculated from snow depth (SD) 
measurements at the Saddle and regression equations between SD and SWE for Green Lakes 
Valley. 
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Figure 5.3. Comparison of simulated and observed soil moisture index from 1982 to 2003 at the 
Saddle, Niwot Ridge. Observations from 1982 to 1989 are calculated from gravimetric soil 
moisture (1982-1989) (Walker, 2017) and regression equations between gravimetric and 
volumetric soil moisture (1994-2002) (Seastedt, 2017) at the Saddle. 
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Figure 5.4. Comparison of observed monthly mean temperature at the Saddle (3500 m) from 
1986 to 2010 and D-1 (3750 m) from 1961 to 1990 (a); and simulated monthly transpiration at 
the Saddle and estimated monthly transpiration at D-1 (b). 
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Figure 5.5. Observations (1980-2010) and future projections (2011-2100) of seasonal 
precipitation under the RCP4.5 (a) and RCP8.5 (b) scenarios at the Saddle, Niwot Ridge. 
Projections shown are the average of four GCMs. 
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Figure 5.6. Observations (1980-2010) and future projections (2011-2100) seasonal temperature 
under the RCP4.5 (a) and RCP8.5 (b) scenarios at the Saddle, Niwot Ridge. Projections shown 
are the average of four GCMs. 
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Figure 5.7. Past simulations (1980-2010) and future projections (2011-2100) of snow water 
equivalent (a, b) and snow-covered period (snow water equivalent greater than 20 cm) (c, d) at 
the Saddle, Niwot Ridge under the RCP4.5 (a, c) and RCP8.5 (b, d) scenarios. Projections shown 
used climate inputs from four GCMs. The values in parentheses for GCM labels indicate 
increases in annual mean temperature from 1986-2010 to 2076-2100. 
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Figure 5.8. Past simulations (1980-2010) and future projections (2011-2100) of seasonal soil 
moisture index (a, b), soil decomposition (c, d), and snowmelt (e, f). Results shown are the 
average projections using climate inputs from four GCMs without CO2 effects. Dashed lines 
represent the RCP4.5 scenarios (a, c, e); solid lines represent the RCP8.5 scenarios (b, d, f). 
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Figure 5.9. Past simulation and future projections of dryness index and evaporative index at the 
Saddle of Niwot Ridge during 30-year periods under RCP4.5 and RCP8.5 scenarios. Values 
shown are average of simulations using four GCMs without CO2 fertilization effects. 
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Figure 5.10. Past simulations (1980-2010) and future projections (2011-2100) of plant soil 
moisture stress index (a, b), foliar NPP (c, d), growing season length (e, f), and photosynthetic 
rate (g, h) at the Saddle, Niwot Ridge under the RCP4.5 (a, c, e, g) and RCP8.5 (b, d, f, h) 
scenarios. Projections shown used climate inputs from four GCMs. The values in parentheses for 
GCM labels indicate increases in annual mean temperature from 1986-2010 to 2076-2100. 
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Figure 5.11. Relation of annual foliar NPP with mean plant soil moisture stress index (Dwater) 
during summer (JJA) and fall (SON) in the previous year under the RCP4.5 and RCP8.5 
scenarios. Color symbols indicate projections using future climate input from four GCMs from 
2011 to 2100; black symbols indicate simulations using observed climate inputs from 1980 to 
2010. 
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Figure 5.12. Past simulations (1980-2010) and future projections (2011-2100) of stem (a, b), root 
(c, d), and total NPP (e, f) at the Saddle, Niwot Ridge under the RCP4.5 (a, c, e) and RCP8.5 (b, 
d, f) scenarios. Projections shown used climate inputs from four GCMs. The values in 
parentheses for GCM labels indicate increases in annual mean temperature from 1986-2010 to 
2076-2100. 
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Figure 5.13. Past simulations (1980-2010) and future projections (2011-2100) of carbon storage 
in storage organs and non-structural carbohydrates/lipids (a, b) and dead biomass (c, d) at the 
Saddle of Niwot Ridge under the RCP4.5 (a, c) and RCP8.5 (b, d) scenarios. Projections shown 
used climate inputs from four GCMs. The values in parentheses for GCM labels indicate 
increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure 5.14. Relation of annual nitrogen uptake with net nitrogen mineralization (a, b) and total 
NPP (c, d) under RCP4.5 (a, c) and RCP8.5 (b, d) scenarios. Each symbol represents projection 
of a year between 2011 and 2100 using climate inputs from one GCM under the RCP4.5 or 
RCP8.5 scenario. 
 
 
 
112 
 
 
Figure 6.1. Comparison of simulated and observed snow water equivalent (SWE) from 1981 to 
2010 at the Loch Vale forest and two nearby SNOTEL sites at Bear Lake and C1 at Niwot 
Ridge. 
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Figure 6.2. Comparison of simulated and observed volumetric soil moisture from October 2014 
to October 2016 at the Loch Vale forest. 
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Figure 6.3. Observations (1980-2010) and future projections (2011-2100) of annual mean 
temperature at the Loch Vale forest under the RCP4.5 and RCP8.5 scenarios using four GCMs. 
The values in parentheses for GCM labels indicate increases in annual mean temperature (°C) 
from 1986-2010 to 2076-2100. 
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Figure 6.4. Observations (1980-2010) and future projections (2011-2100) of annual precipitation 
at the Loch Vale forest under the RCP4.5 and RCP8.5 scenarios using four GCMs. The values in 
parentheses for GCM labels indicate increases in annual mean temperature (°C) from 1986-2010 
to 2076-2100. 
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Figure 6.5. Decadal water balance for the Loch Vale forest under the RCP4.5 and RCP8.5 
scenarios without CO2 fertilization effects on vegetation. Results shown are the average of 
projections using four GCMs for each scenario. 
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Figure 6.6. Past simulation and future projections of dryness index and evaporative index at the 
Loch Vale forest during 30-year periods under the RCP4.5 and RCP8.5 scenarios. Values shown 
are average of simulations using four GCMs without CO2 fertilization effects. 
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Figure 6.7. Monthly water balance at the Loch Vale forest under the RCP4.5 and RCP8.5 
scenarios without CO2 fertilization effects on vegetation. Results shown are the average of 
projections using four GCMs for each scenario. Positive values of changes in snow and soil 
water indicate loss of water from these pools. 
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Figure 6.8. Past simulations (1980-2010) and future projections (2011-2100) of minimum plant 
soil moisture stress index of a year (a, b), foliar biomass (c, d), length of growing season (e, f), 
air temperature stress index of the warmest month of the year (g, h), total photosynthesis (i, j), 
and wood biomass (k, l) under the RCP4.5 (a, c, e, g, i, k) and RCP8.5 (b, d, f, h, j, l) scenarios. 
Projections shown used climate inputs from four GCMs. The values in parentheses for GCM 
labels indicate increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure 6.8 continued. 
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Figure 6.9. Past simulations (1980-2010) and future projections (2011-2100) of total litter, soil 
organic carbon decomposition and pool under the RCP4.5 (a) and RCP8.5 (b) scenarios without 
CO2 fertilization effects on vegetation. Results shown are the average of projections using 
climate inputs from four GCMs for each scenario. 
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Figure 7.1. Historical simulations (1980-2010) and future projections (2011-2100) of soil organic 
carbon under the RCP4.5 (a) and RCP8.5 (b) scenarios at the Saddle of Niwot Ridge. Projections 
shown used climate inputs from four GCMs. The values in parentheses for GCM labels indicate 
increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure 7.2. Cross-site annual water mass balance projected for the study sites in the northeastern 
and western United States under the RCP4.5 and RCP8.5 scenarios. EBB, Bear Brook; BSB, 
Biscuit Brook; CPW, Cone Pond Watershed; FEF, Fernow Experimental Forest; HBEF, Hubbard 
Brook Experimental Forest; HWF, Huntington Forest; SRW, Sleepers River Watershed; HJA, H. 
J. Andrews Experimental Forest; NWT, Niwot Ridge; LVW, Loch Vale Watershed. Results 
shown are simulations without CO2 fertilization effects on vegetation. 
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Figure 7.3. Cross-site snow water equivalent (SWE) simulated for the study sites in the 
northeastern and western United States in the past and under the RCP4.5 and RCP8.5 scenarios. 
Solid black lines indicate past simulations of SWE in 1986-2010; green dashed lines indicate 
future projections of SWE in 2076-2100 under the RCP4.5 scenario; red dotted lines indicate 
future projection of SWE in 2076-2100 under the RCP8.5 scenario. 
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Tables 
Table 3.1. Location characteristics of sites for this dissertation. 
 
H. J. Andrew 
Experimental Forest 
Niwot Ridge Loch Vale 
Location Watershed 2 Saddle Subalpine forest 
Coordinates 44.21N, 122.25W 40.06N, 105.60W 40.30N, 105.64W 
Elevation 800 m 3500 m 3200 m 
Annual Precipitation 220 cm 190 cm 110 cm 
Winter Temperature 3 °C -11 °C -7 °C 
Summer Temperature 19 °C 8 °C 12 °C 
Dominant species 
Douglas-fir/Western 
hemlock 
N/A 
Engelmann 
spruce/Sub-alpine fir 
Stand age 450 yr N/A 500 yr 
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Table 4.1. Normalized Mean Error (NME) and Normalized Mean Absolute Error (NMAE) of 
annual stream discharge (Johnson and Rothacher, 2016) and stream water chemistry (Johnson 
and Fredriksen, 2015) at Watershed 2 in the H. J. Andrews Experimental Forest. 
 
Normalized 
Mean Error 
Normalized Mean 
Absolute Error 
Year 
Stream discharge 0.035 0.092 1973-2008 
Ca2+ 0.010 0.067 1981-2009 
Na+ -0.020 0.058 1981-2009 
Mg2+ -0.066 0.137 1981-2009 
K+ -0.024 0.067 1981-2009 
SO4
2- -0.090 0.243 1988-2009 
Cl- 0.025 0.181 1988-2009 
NO3
- 0.177 0.533 1981-2009 
NH4
+ 0.027 0.289 1981-2009 
DOC 0.006 0.215 2001-2009 
ANC/Alkalinity* -0.091 0.092 1981-2009 
 
* 1984-1988, 1991, 1993, 1998, 2003 not included due to lack of observation or lack of 
simulation 
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Table 4.2. Comparison of simulated and observed variables (a) carbon (fluxes), (b) carbon 
(pools), (c) nitrogen, (d) potassium, (e) calcium, (f) magnesium, (g) sodium, and (h) phosphorus 
at Watershed 2 in the H. J. Andrews Experimental Forest. Some values are compared with 
simulations conducted by Hartman et al. (2009) using the DayCent-Chem model. 
(a) 
Carbon fluxes 
(g C m-2 yr-1) 
Simulation 
in this 
study* 
Observations 
(Year) 
Data sources Simulation 
in Hartman 
et al., 2009† 
NPP  540 358 (1972) (Webb et al., 1978) 480 
470 (1995-1999) (Harmon et al., 2004) 
710 (2001) (Campbell et al., 2004a) 
Foliar NPP 134 170 (2001) (Campbell et al., 2004a) 103 
135 (1995-1999) (Harmon et al., 2004) 
Wood NPP 288 320 (2001) (Campbell et al., 2004a) 134 
207 (1995-1999) (Harmon et al., 2004) 
  194 (1988-1994) (Acker et al., 2002)  
Root NPP 119 220 (2001) (Campbell et al., 2004a) 186 
128 (1995-1999) (Harmon et al., 2004) 
NEP 102 -15 (2001) (Campbell et al., 2004a) 125 
85 (1997) (Turner et al., 2003) 
Total litter 285 207 (1978-1996) (Fraser, 2001) 249 
174 (1973-1974) (Grier and Logan, 1977) 
210 (1974-1975) (Grier and Logan, 1977) 
403 (1995-1999) (Harmon et al., 2004) 
92-290 (1978-
1984)‡ 
(Harmon and McKee, 
2002) 
DOC export 1.1 0.9 (2001-2009) (Johnson and Fredriksen, 
2015) 
1.2 
 
* Average of simulation from 1980 to 2000 
† Average of simulation from 1981 to 2004 at Watershed 10 
‡ Root litter not included in calculation 
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(b) 
Carbon pools 
(g C m-2) 
Simulation 
in this 
study* 
Observations 
(Year) 
Data sources Simulation 
in Hartman 
et al., 2009† 
Foliar biomass        
 
527 505 (long-term) (Smithwick et al., 2002) 587 
 542 (1973-1975) (Grier and Logan, 1977)  
Wood biomass 
 
41022 41999 (long-term) (Smithwick et al., 2002) 29863 
 30708 (1973-1975) (Grier and Logan, 1977)  
  25873 (1988-1994) (Acker et al., 2002)  
Root biomass 1116 861 (long-term) (Smithwick et al., 2002) 780 
  564 (1973-1975) (Grier and Logan, 1977)  
Live plant total 
biomass 
42665 31956 (2005-2006) (Harmon, 2013) 38218 
26330-63380 (long-
term) 
(Smithwick et al., 2002) 
37503 (1973-1975) (Grier and Logan, 1977) 
35252 (1995-1999) (Harmon et al., 2004) 
Deadwood 
biomass 
 
10670 9191 (2005-2006) (Harmon, 2013)  
 11985 (long-term) (Smithwick et al., 2002)  
 11979 (1973-1975) (Sollins et al., 1980)  
  11959 (1973-1975) (Grier and Logan, 1977)  
Soil organic 
matter             
11808 9900-19100 (long-
term) 
(Smithwick et al., 2002) 5205 
3828-19424 (1962-
1996) 
(Dyrness, 2001) 
8305-15713 (1992-
1993) 
(Griffiths, 2013b)‡ 
12267-12789 
(1998) 
(Griffiths, 2002) 
8385-10225 (1994) (Griffiths, 2013a) 
 
* Average of simulation from 1980 to 2000 
† Average of simulation from 1981 to 2004 at Watershed 10 
‡ Average of measurements in the entire H. J. Andrews Experimental Forest (other SOM 
observations were measured within Watershed 2) 
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(c) 
Nitrogen pools and 
fluxes 
Simulation 
in this 
study* 
Observations 
(Year) 
Data sources Simulation 
in Hartman 
et al., 2009† 
Live plant total  
(g N m-2) 
75 56 (2005-2006) (Harmon, 2013) 107 
74 (1973-1975) (Sollins et al., 1980) 
Deadwood (g N m-2) 10 26 (2005-2006) (Harmon, 2013)  
Total litter  
(g N m-2 yr-1) 
4.1 2.0 (1973-1975) (Sollins et al., 1980)‡ 
 
1.1 (1972-1973) (Triska et al., 1984)¥ 
Soil organic matter 
(g N m-2) 
275 372 (1973-1975) (Sollins et al., 1980) 189 
Inorganic N export  
(g N m-2 yr-1) 
0.025 
  
0.03 
Net N mineralization     
(g N m-2 yr-1) 
4.1 1.7 (1990-1991) (Hart and Perry, 
1999)€ 
5.2 
Nitrification  
(g N m-2 yr-1) 
0 
  
1.2 
N uptake  
(g N m-2 yr-1) 
4.5 4.2 (1973-1975) (Sollins et al., 1980) 5.1 
 
* Average of simulation from 1980 to 2000 
† Average of simulation from 1981 to 2004 at Watershed 10 
‡ Root litter not included in calculation 
¥ Root litter and coarse woody debris not included in calculation 
€ Top 15cm of mineral soil 
 
(d) 
Potassium pools and fluxes Simulation* Observations (Year) Data sources 
Plant total (g m-2) 18.4 44.4 (2005-2006) (Harmon, 2013) 
29.7 (1973-1975) (Sollins et al., 1980) 
Total litter (g m-2 yr-1) 2.92 0.74 (1973-1975) (Sollins et al., 1980)‡ 
Throughfall (g m-2 yr-1) 0.72 2.17 (1970) (Abee and Lavender, 
1972) 
Uptake (g m-2 yr-1) 6.31 2.7 (1973-1975) (Sollins et al., 1980) 
 
* Average of simulation from 1980 to 2000 
‡ Root litter not included in calculation 
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(e) 
Calcium pools and fluxes Simulation* Observations (Year) Data sources 
Plant total (g m-2) 52.7 100.1 (2005-2006) (Harmon, 2013) 
102.8 (1973-1975) (Sollins et al., 1980) 
Total litter (g m-2 yr-1) 8.31 3.58 (1973-1975) (Sollins et al., 1980)‡ 
Throughfall (g m-2 yr-1) 0.16 0.44 (1970) (Abee and Lavender, 
1972) 
Uptake (g m-2 yr-1) 15.0 6.74 (1973-1975) (Sollins et al., 1980) 
 
* Average of simulation from 1980 to 2000 
‡ Root litter not included in calculation 
 
(f) 
Magnesium pools and fluxes Simulation* Observations (Year) Data sources 
Plant total (g m-2) 6.70 7.59 (2005-2006) (Harmon, 2013) 
15.72 (1973-1975) (Sollins et al., 1980) 
Total litter (g m-2 yr-1) 1.05 0.36 (1973-1975) (Sollins et al., 1980)‡ 
Throughfall (g m-2 yr-1) 0.09 0.21 (1970) (Abee and Lavender, 
1972) 
Uptake (g m-2 yr-1) 1.92 1.00 (1973-1975) (Sollins et al., 1980) 
 
* Average of simulation from 1980 to 2000 
‡ Root litter not included in calculation 
 
(g) 
Sodium pools and fluxes Simulation* Observations (Year) Data sources 
Plant total (g m-2) 3.66 3.99 (1973-1975) (Sollins et al., 1980) 
Total litter (g m-2 yr-1) 0.57 0.06 (1973-1975) (Sollins et al., 1980)‡ 
Uptake (g m-2 yr-1) 1.02 0.16 (1973-1975) (Sollins et al., 1980) 
 
* Average of simulation from 1980 to 2000 
‡ Root litter not included in calculation 
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(h) 
Phosphorus pools and fluxes Simulation* Observations (Year) Data sources 
Plant total (g m-2) 3.75 9.64 (2005-2006) (Harmon, 2013) 
11.17 (1973-1975) (Sollins et al., 1980) 
Total litter (g m-2 yr-1) 0.60 0.45 (1973-1975) (Sollins et al., 1980)‡ 
Uptake (g m-2 yr-1) 1.06 0.91 (1973-1975) (Sollins et al., 1980) 
 
* Average of simulation from 1980 to 2000 
‡ Root litter not included in calculation 
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Table 5.1. Model validation of PnET-BGC at the Saddle, Niwot Ridge. 
 Simulations Observations Reference 
Biomass 
percentage 
(%) 
Leaves 32 33 
(Körner and 
Renhardt, 1987) 
Stems 24 25 
Fine roots 44 42 
Storage organs and non-
structural carbohydrate/lipid  
(% of biomass) 
69 
39 a 
(Körner and 
Renhardt, 1987) 
17 b 
(Körner, 1999) 
20 b 
22 b (Mooney and 
Billings, 1960) 25 b 
19 b  
(Bell and Bliss, 
1979) 
7 c 
(Tschager et al., 
1982) 
8 c (Pantis et al., 1987) 
Aboveground living to dead 
biomass ratio 
1:1.27 
1:1.18 
(Körner, 1999c) 
1.02:1 
Belowground biomass 
(g C m-2) 
373 d 
878 
(May and Webber, 
1982) 
392 (Fisk et al., 1998) 
33 e 27 e (Fisk, 2017) 
Aboveground NPP  
(g C m-2 yr-1) 
94 
78 
(May and Webber, 
1982) 
68 
(Bowman et al., 
1995) 
79 (Fisk et al., 1998) 
Fine roots NPP 
(g C m-2 yr-1) 
73 99 (Fisk et al., 1998) 
Leaf N content 
(%) 
3.88 
3.18 f 
(Körner, 1989) 
2.87 g 
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Table 5.1 continued. 
 Simulations Observations Reference 
Living biomass N  
(g N m-2) 
4.88 
4.5 h 
(Fisk et al., 1998) 
5.6 i 
Aboveground dead biomass N 
(g N m-2) 
10.2 
6.6 h 
(Fisk et al., 1998) 
8.9 i 
Actual transpiration 
(cm) 
41.1 28.1 j 
(Greenland and 
Losleben, 2001) 
Potential transpiration 
(cm) 
43.7 30.4 j 
(Greenland and 
Losleben, 2001) 
Soil organic carbon 
(g C m-2) 
9101 6800 h (Seastedt, 2001) 
Soil organic nitrogen 
(g N m-2) 
706 
657 h 
(Fisk, 1995) 
696 i 
Net N mineralization 
(g N m-2 year-1) 
8.00 
2.9 h 
(Fisk et al., 1998) 
7.1 i 
N uptake 
(g N m-2 year-1) 
8.21 
3.2 h (Fisk, 1995; Fisk et 
al., 1998) 11.4 i 
Growing season length 
(month) 
3 
1.8 k 
(Walker et al., 2001) 
3.6 l 
 
a. Storage organs only; b. Non-structural carbohydrates only; c. Lipids only; d. Storage organs 
and non-structural carbohydrates/lipids; e. Fine roots; f. North Sweden subarctic zone; g. 
Austrian Alps; h. Dry meadow; i. Moist meadow; j. Adjacent D-1 site at 3750 m elevation; k. 
Snowbed; l. Fellfield 
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Table 5.2. Summarized observations and projections of seasonal temperature and precipitation 
under the RCP4.5 and RCP8.5 scenarios at the Saddle, Niwot Ridge. The average projections of 
four GCMs are presented for 2076-2100. 
  RCP 4.5 RCP 8.5 
  Winter Spring Summer Fall Winter Spring Summer Fall 
Mean 
temperature 
(°C) 
1986-2010 -10.76 -3.92 8.12 -1.07 -10.76 -3.92 8.12 -1.07 
2076-2100 -9.15 -1.37 9.83 1.33 -7.82 0.64 11.97 3.00 
increase 1.61 2.55 1.71 2.40 2.94 4.56 3.86 4.07 
Precipitation 
(cm) 
1986-2010 76.73 68.03 20.70 40.27 76.73 68.03 20.70 40.27 
2076-2100 82.45 67.69 24.68 37.97 87.77 69.47 20.92 36.74 
increase 5.72 -0.34 3.98 -2.31 11.04 1.44 0.22 -3.53 
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Table 5.3. Summarized simulations of major pools and fluxes of water, carbon, and nitrogen with 
other watershed characteristics at the Saddle, Niwot Ridge in 1986-2010 and 2076-2100. Values 
shown are the average of four GCMs. 
   With CO2 
effects 
Without CO2 
effects 
Plant soil moisture 
stress index 
 (cm/cm) 
1986-2010  0.82 
2076-2100 
RCP 4.5 0.75 0.72 
RCP 8.5 0.69 0.65 
Leaf NPP  
(g C m-2 year-1) 
1986-2010  53.9 
2076-2100 
RCP 4.5 47.8 45.8 
RCP 8.5 39.6 36.1 
Stem NPP  
(g C m-2 year-1) 
1986-2010  40.0 
2076-2100 
RCP 4.5 84.7 56.6 
RCP 8.5 83.8 50.9 
Root NPP  
(g C m-2 year-1) 
1986-2010  73.0 
2076-2100 
RCP 4.5 64.0 61.2 
RCP 8.5 53.8 49.1 
Total NPP  
(g C m-2 year-1) 
1986-2010  166.9 
2076-2100 
RCP 4.5 196.5 163.6 
RCP 8.5 177.2 136.1 
Total 
photosynthesis  
(g C m-2 year-1) 
1986-2010  386.4 
2076-2100 
RCP 4.5 539.4 420.0 
RCP 8.5 500.8 355.3 
Transpiration  
(cm year-1) 
1986-2010  41.12 
2076-2100 
RCP 4.5 41.14 43.22 
RCP 8.5 39.34 41.39 
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Table 5.3 continued. 
   With CO2 
effects 
Without CO2 
effects 
Storage organs and 
non-structural 
carbohydrates/lipids  
(g C m-2) 
1986-2010  373.3 
2076-2100 
RCP 4.5 777.2 520.4 
RCP 8.5 754.2 458.4 
Dead biomass  
(g C m-2) 
1986-2010  236.4 
2076-2100 
RCP 4.5 330.4 254.5 
RCP 8.5 310.6 217.6 
N uptake 
(g N m-2 year-1) 
1986-2010  8.21 
2076-2100 
RCP 4.5 8.35 7.87 
RCP 8.5 7.98 7.24 
Soil decomposition  
(g C m-2 year-1) 
1986-2010  144.9 
2076-2100 
RCP 4.5 142.6 132.5 
RCP 8.5 138.1 123.9 
Net N mineralization 
(g N m-2 year-1) 
1986-2010  8.00 
2076-2100 
RCP 4.5 8.17 7.73 
RCP 8.5 8.02 7.41 
Growing season 
length  
(month) 
1986-2010  3.00 
2076-2100 
RCP 4.5 3.62 3.62 
RCP 8.5 4.09 4.09 
Maximum snow 
water equivalent 
(cm) 
1986-2010  74.64 
2076-2100 
RCP 4.5 63.60 63.60 
RCP 8.5 63.59 63.59 
Snow-covered period  
(month) 
1986-2010*  6.95 
2075-2099*  
RCP 4.5 5.98 5.98 
RCP 8.5 5.01 5.01 
 
* water year 
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Table 5.4. Summarized simulations of seasonal soil moisture index, snowmelt, soil 
decomposition, and net nitrogen mineralization at the Saddle, Niwot Ridge in 1986-2010 and 
2076-2100. Values shown are average using four GCMs without CO2 fertilization effects on 
vegetation. 
   Winter Spring Summer Fall 
Soil moisture index 
(cm/cm) 
1986-2010  - 1.00 0.91 0.65 
2076-2100 
RCP 4.5 - 1.00 0.79 0.72 
RCP 8.5 - 1.00 0.62 0.70 
Snowmelt 
(cm) 
1986-2010  - 15.76 69.57 7.75 
2076-2100 
RCP 4.5 - 25.69 46.85 5.66 
RCP 8.5 - 37.72 32.61 4.54 
Soil decomposition 
(g C m-2 season-1) 
1986-2010  27.33 38.42 61.68 17.48 
2076-2100 
RCP 4.5 24.90 38.41 49.69 19.64 
RCP 8.5 22.91 38.21 42.91 19.99 
Net N mineralization 
(g N m-2 season-1) 
1986-2010  1.51 2.12 3.41 0.97 
2076-2100 
RCP 4.5 1.45 2.24 2.90 1.14 
RCP 8.5 1.37 2.29 2.57 1.19 
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Table 5.5. Past calculation and future projection of dynamic deviation and elasticity under the 
RCP4.5 and RCP8.5 scenarios among 30-year periods at the Saddle, Niwot Ridge using the 
Budyko curve. Values are calculated using simulated transpiration and potential transpiration 
without CO2 fertilization effects on vegetation. 
 Start period End period 
Dynamic 
deviation 
Elasticity 
RCP 4.5 
1980-2009 2010-2039 -0.0043 4.2596 
2010-2039 2040-2069 -0.0070 2.9986 
2040-2069 2070-2099 0.0016 6.2655 
RCP 8.5 
1980-2009 2010-2039 -0.0080 2.5203 
2010-2039 2040-2069 -0.0053 8.2594 
2040-2069 2070-2099 -0.0033 0.7775 
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Table 6.1. Model validation of PnET-BGC at the Loch Vale forest. 
 Simulations Observations Reference 
Foliar NPP (g C m-2 yr-1) a 84 78 
(Arthur and Fahey, 
1990, 1992) 
Wood NPP (g C m-2 yr-1) a 59 39 
Root NPP (g C m-2 yr-1) a 72 68 
Foliar biomass (g C m-2) b 737 840 
Wood biomass (g C m-2) b 6100 5570 
Root biomass (g C m-2) b 452 620 
Deadwood biomass (g C m-2) 3250 3170 
Soil organic matter (g C m-2) c 3120 3050 
Plant total N (g m-2) 69 57 
Root N uptake (g m-2 yr-1) 3.0 3.2 
Deadwood N (g m-2) 10.3 8.9 
Soil organic N (g m-2) c 77 76 
Transpiration 
(cm) d 
June 2006 3.0 3.7 
(Hu et al., 2010c) 
July 2006 3.2 4.1 
August 2006 2.3 2.5 
June 2007 2.7 4.0 
July 2007 3.5 5.5 
August 2007 2.7 5.3 
Evaporation 
(cm) e 
June 2006 4.4 2.0 
(Hu et al., 2010c) 
July 2006 1.6 2.9 
August 2006 7.0 2.9 
June 2007 0.7 2.0 
July 2007 6.7 0.9 
August 2007 1.2 1.1 
 
a. Foliar NPP did not include herbaceous; wood NPP included bark, bole, branch, and woody 
root; root NPP included fine root, not woody root. 
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b. Foliar biomass included samplings and seedlings, not herbaceous; wood biomass included 
bark, bole, brand, and woody root; root biomass included fine root, not woody root. 
c. Forest floor Oie and Oa. 
d. Measurements were made at Soddie, Niwot Ridge. 
e. Evaporation included canopy interception and soil evaporation; measurements were made at 
Soddie, Niwot Ridge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
141 
 
Table 6.2. Summarized simulations of major pools and fluxes of water and carbon with other 
watershed characteristics at the Loch Vale forest in 1986-2010 and 2076-2100. Values shown are 
the average of four GCMs. 
   With CO2 
effects 
Without CO2 
effects 
Transpiration (cm) 
1986-2010  11.5 
2076-2100 
RCP 4.5 12.0 13.7 
RCP 8.5 13.6 15.5 
Canopy 
interception (cm) 
1986-2010  5.7 
2076-2100 
RCP 4.5 7.8 7.8 
RCP 8.5 9.4 9.4 
Soil evaporation 
(cm) 
1986-2010  14.6 
2076-2100 
RCP 4.5 19.6 19.6 
RCP 8.5 23.1 23.1 
Snow 
redistribution (cm) 
1986-2010  13.1 
2076-2100 
RCP 4.5 13.4 13.4 
RCP 8.5 10.8 10.8 
Runoff (cm) 
1986-2010  58.7 
2076-2100 
RCP 4.5 66.0 64.4 
RCP 8.5 59.5 57.6 
Potential 
transpiration (cm) 
1986-2010  11.5 
2076-2100 
RCP 4.5 12.1 13.8 
RCP 8.5 13.7 15.8 
Plant soil moisture 
stress index 
(Dwater) 
1986-2010  1.00 
2076-2100 
RCP 4.5 0.99 0.96 
RCP 8.5 0.97 0.91 
Foliar biomass 
(g C m-2) 
1986-2010  737 
2076-2100 
RCP 4.5 720 702 
RCP 8.5 649 620 
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Table 6.2 continued. 
   With CO2 
effects 
Without CO2 
effects 
Length of growing 
season (month) 
1986-2010  7.1 
2076-2100 
RCP 4.5 8.3 8.3 
RCP 8.5 9.7 9.7 
Air temperature 
stress index 
(DTemp) 
1986-2010  0.89 
2076-2100 
RCP 4.5 0.97 0.97 
RCP 8.5 0.99 0.99 
Total 
photosynthesis 
(g C m-2 yr-1) 
1986-2010  341 
2076-2100 
RCP 4.5 499 430 
RCP 8.5 558 440 
Wood biomass 
(g C m-2) 
1986-2010  6100 
2076-2100 
RCP 4.5 11478 9965 
RCP 8.5 13559 10727 
Soil organic matter 
(g C m-2) 
1986-2010  3120 
2076-2100 
RCP 4.5 2728 2781 
RCP 8.5 2319 2418 
Total litter 
(g C m-2 yr-1) 
1986-2010  160 
2076-2100 
RCP 4.5 158 155 
RCP 8.5 145 139 
Decomposition 
(g C m-2 yr-1) 
1986-2010  162 
2076-2100 
RCP 4.5 163 160 
RCP 8.5 159 155 
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Table 6.3. Past calculation and future projection of dynamic deviation and elasticity under the 
RCP4.5 and RCP8.5 scenarios among 30-year periods at the Loch Vale forest using the Budyko 
curve. Values are calculated using simulated evapotranspiration and potential evapotranspiration 
without CO2 fertilization effects on vegetation. 
 Start period End period 
Dynamic 
deviation 
Elasticity 
RCP 4.5 
1980-2009 2010-2039 -0.0026 0.77 
2010-2039 2040-2069 -0.0084 4.38 
2040-2069 2070-2099 0.0041 6.18 
RCP 8.5 
1980-2009 2010-2039 -0.0145 1.05 
2010-2039 2040-2069 0.0046 14.43 
2040-2069 2070-2099 0.0031 30.78 
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